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SUMMARY 
There is conflicting n.m.r. ana spectroscopic evidence in the 
literature for the molecular structure of diphosphine disulphides. 
Bis(cyclotetramethylene) diphosphine disulphide and bis(cyclopentamethylene) 
diphosphine disulphide have bean investigated by three-dimensional single 
crystal X-ray techniques.to determine their structure, to obtain accurate 
· values for P - P and P-+ S bond lengths, and to observe any .special 
features resulting from the inclusion of phosphorus in heterocyclic rings. 
A rough structure of tetramethyl diphosphine disulphide had previously 
been published based on vary limited two-dimensional aata, and this 
structure has been confirmed and refined from three-dimensional aata. 
The structures of a .series of new compounds 2,5-dithio 1-chloro 
1-thiophosphorus(V)cyclopentane; 2,5-dithio 1-phe~l 1-thiophosphorus(V) 
cyclopentane; ana 2,5-dithio 1-methyl.1-thiophosphorus(V)cyclopentane 
have been investigated to determine the stereochemistry of phosphorus and 
the nature of the P-+ S and P -· S bonds, .and to explain the n.m.r. aata •.. 
A preliminary crystal structure investigation on 2,5-dithio 1-diethylamino 
1-thiophosphorus(V)cyclopentane is also reportea. 
Computer programs have been written for scaling photographic 
.intensity aata and.for determi~ng the presenc~·or absence of a centre of 
·symmetry by statistical methods. .A further program is reported which 
. derives constants for a Cruickshank type ot equation,. to provide weights 
. . . . ' ' . 
~or structure rafipement by least squares. 
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SECTION I 
GENERAL INrRODUCTION 
There is considerable interest in the nature of the P - P bond 
(Cowley, 1965) and crystallographic information on this bond is scarce. 
The formulation of diphosphine disulphides as P - P bonded struct~es (i) 
. . •! 
(i) 
has been questioned because proton magnetic resonance 4ata for (CH3)4P2s2 
reported by Harris and Hayter (1964) showed that the value of the P - P 
coupling constant JP-P = 18.7 Hz. is an order of magnitude less than in 
other compounds known to contain a P - P bond: for diphosphine 
Jp_p.= 108.2. Hz •. (Lynden-Bell, 1961). and for the diphosphite anion 
JP-p =480Hz. (Callis, Van Ylaser, Shoolery and Anderson, 1957). Other 
structures (ii) (iii) and (iv) containing one or more bridging sulphur 
s 
R" t . /R 
P-S-P 
R/ , "R 
(iiJ.) 
atoms were therefore suggested, since a. reduction of the observed 
·magnitude of Jp_p could be caused by the presence of sulphur atoms between 
the phosphorus atoms (Harris and Hayter, 1964) •. The analogous compound 
. (cH3)~2s2 has been found to have. structure (iii) (C~erman and Trotter, 
1964). The structure of tetramethyl diphosphine disulphide was originally 
assigned on the basis of infrared and Raman spectra as a centrosymmetric 
• molecule having structure (i) (Baudler and Schmidt, 1957; Goubeau, 
Reinhardt and Bianchi, 1957; Christen, van der Linde. and Hooge, 1959). 
Further evidence for this structure was suggested by mass spectra, 
infrared and Ram.an spectra reported by Cowley and Steinfink ( 1965) ·and 
Cowley and Whlte (1966). Infr&red and Raman spectra of tetraethyl 
2. 
diphosphine disulphide (Goubeau, Reinhardt and Bianchi, 1957; Cowley and 
White, 1966), and of bis(cyclototramethylene) diphosphine disulphide, 
bis(cyclopentamethylene) diphosphine disulphide and other diphosphine 
disulphides (Cowley and Vrhite, 1966) all suggest structure (i). T\vo-
dimensional X-ray· crystal structure determinations_ 1 of 1 , 2-dimethyl 
1 ,2-diphenyl diphosphine disulphide (Vrheatley, 1960) and. te.traethyl 
diphosphine disulphide (Dutta and Woolfson, 1961), and a preliminary 
X-ray investigation of tetramethyl diphosphine disulphide (Pe'done and. 
Sirigu, 1967), showed the P - P bonded struct'ure (i). 
The structures of the heterocyclic compounds bis(cyclotetra-
methylene) diphosphine disulphide and bis(cyclopentamethylene) diphosphine 
disulphide are of special interest because of the inclusion of phosphorus 
in five-membered and six-membered rings. It seems likely that these 
heterocyclic rings are strained, so some distortion of the usual 
tetrahedral arrangement around phosphorus may occur. It was decided to 
determine the structures of these two compounds from thre_e-dimensional 
single crystal X-ray diffraction data to confirm the proposed P - P 
bonded structure (i), to investigate the geometrical arrangement of the 
heterocyclic rings, and to ()btain accurate values for the P - P and 
P = S bond lengths. (The bond P ~ S is shortened by back-bonding from 
a full sulphur p orbital.to an empty phosphorus d orbital. This is 
sometimes represented as a double bond P = S.). A more accurate 
determination of the crystal structure of tetramethyl diphosphine _disulphide 
was also considered worthvrhile. 
A series of new compounds thought to contain both P - S and 
P = S bonds has been prepared by Professor R. Schmutzler and his 
eo-workers (Peake, Fild and Schmutzler, 1970). The structure of these 
compounds was proposed as (v) based on the method of preparation and on 
chemical analysis of four derivatives (R = chlorine, phenyl, methyl and 
.I 1. 31 diethylamine). Peake, Fild and Schmutzler measured Hand P nuclear 
magnetic resonance spectra .for these and ether related compounds which 
gave further evidence for the structure (v)~ The 1H n.m.r. spectra of 
the heterocyclic methylene protons all showed the presence of two 
different types. of protons in a typical second order A2B2 system. 
The determination of the crystal and molecular structures of 
2,5-dithio 1-chloro 1-thiophosphorus(V)cyclopentane; 2,5-dithio 1-phenyl 
1-thiophosphorus(V)cyclopentane; and.2,5-dithio 1-methyl 1-thio-
phosphorus(V)cyclopentane was undertaken to confirm the proposed ·· .. 
structure, to obtain'accurate values for the P-S and P = S bond lengths, 
and to. investigate the stereochemistry of the phosphorus and the nature 
of the heterocyclic ring. It was also hoped to confirm tho presence of 
two different types of methylene protons indicated by the n.m.r. data. 
A preliminary investigation of the crystal structure of 2,5-dithio 
1-diethylamino 1-thiophosphorus(V)cyclopentane is also reported. 

SECTION TI 
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1. Determination of lattice narameters. 
• The determination of lattice parameter~ from high order 
' reflexions on oscillation and zero layer Weissenberg photographs has been 
described in detail by Buerger (1942). If a crystal is mounted about 
the a axis, the lattice parameter a may be obtained from an oscillation 
photograph, and the parameters b*, c* and ex* may be obtained from a Ok€.-
zero layer Weissenberg film. These are insufficient to completely 
define the dimensions of a triclinic unit cell, or of a monoclinic unit 
cell mounted about a non-unique axis. Buerger (1942) described a method 
of obtaining all the lattice parameters from one setting of a crystal 
which involves the measurement of the curvature of the axial rows on a 
non-zero layer Weissenberg photograph, but this method is difficult to 
apply in practice. 
- . 
For a triclinic crystal it is better to obtain photographs from 
two settings. If these are the a and c axes, the lattice parameters a, 
c, a*, b* (from both settings), c*, ex* and 'Y* can be determined. This is 
more than sufficient to calculate the remaining.direct parameters b, a, 
~and 'Y required to completely define the unit cell, using the relations 
fpr triclinic unit cell parameters given by Buerger ( 1942). These 
relations apply to all crystals, but may be simplified for crystals of 
higher symmetry than triclinic. 
In monoclinic crystals (unique axis b) the angles a and 'Y are 
. 0 
90 , so the direct lattice parameters can be readily obtained from one 
setting of the crystal if b is the axis of rotation. The measured 
parameters are b, a*, c* and ~· and the remaining direct values are then 
1 
a = a* sin~* 
1 
c = c* sin~* 
~ = 180 - 13* 
(Buerger, 1942). F9r other crystal systems, similar simplifications of 
the relations for triclinic lattice parameters enable the dimensions of 
the unit cell to be obtained from one setting of the crystal. 
z.·crystal alignment and refinement of lattice parameters 
on the St8e diffractometer. 
A St8e automatic Weissenberg diffractometer was used during this 
research to collect three-dimensional equi-inclination intensity data from 
some monoclinic and orthorhombic crystals. Lattice parameters were 
obtained initially from oscillation and Weissenberg photographs and the 
diffractometer was used to refine them. A knowledge of accurate lattice 
p~ameters, and accurate crystal alignment; are essential in diffractometer 
Vlork since it is necessary to predict the exact reflecting position of 
each reflexion before its intensity can be measured. 
On .the St8e diffractometer, the position of a reflexion in the. 
reflecting sphere is .defined by three angular parameters 11, 26 and"'. ll 
is the equi-inclination angle calculated from the dimension T of the 
rotation axis for the nth layer: 
ll = sin-1(nA/2T), 
26 is the angle of the counter from the horizontal plane containing the 
X-ray beam, and ~ is the angle of rotation of the crystal relative to 
. an arbitrary zero. 
The accurate alignment of orthorhombic crystals and of monoclinic 
crystals mounted about the unique axis is straightfonvard because one of 
the reciprocal axes coincides with the rotation axis. Assuming that P.n 
orthorhombic or a monoclinic crystal has been photographically aligned 
along the b axis, then the b* axis (which coincides Vlith the b axis) is 
reasonably parallel to the axis of rotation of the diffractometer, and it 
·is possible to detect the OkO reflexions and to align the crystal very 
accurately on the basis of these. A. OkO reflexion should be observed at 
the ll angle corresponding to the value of k, Vlith the counter set at 
Since b* is the axis of rotation, this reflexion should remain 
in the reflecting position throughout 360° rotation of .the crystal ( w ) • 
If the crystal is accurately aligned the intensity of this reflexion 
should be the same at all values oft.>, although in practice absorption 
effects introduce a slight variation. If the crystal is not accurately 
aligned the intensity will be vastly different at.positions 180° apart, 
and the arcs on which the crystal is mounted must be adjusted accordingly. 
If adjustment of the arcs does not give a constant intensity reading, then 
there is a significant error in the value of the lattice dimension b used 
in calculating ~. and the value of ~ set on the diffractometer should be 
adjusted up or down, and the arcs readjusted, until the desired constancy 
in the intensity value is observed. In practice, alignment is carried 
out first on a fairly low order reflexion, and then on successively 
higher order reflexions as these are more sensitive to mis-setting of the 
- -
crystal. Vfhen the crystal is accurately aligned, the refined ~ values 
·. 
found for the high order OkO reflexions can be used to obtain an accurate . 
value of bJ using the equation: 
layer, 
n?. b = -:::--"7---2 sin~n i. 
The lattice parameters a*, c* and ~* are refined from the ~ere 
With ~ set at· 0°, a 'Strong axial row reflexion is located at the 
co~ter angle 2S(computed from the photographically determined lattice 
parameters) by slowly rotating ~ through 180°. This reflexion then 
fixes all the other reflexions to a known arbitrary zero value of..:. 
As a check that this reflexion is not a non-axial row reflexion having a 
similar 28 value, a strong reflexion from the other axial row is explored 
at the computed w value corrected to correspond to the arbitrary zero 
just determined, When the positions of the zero layer refleXions have 
been ascertained, the values of 29 andw for each observable high order 
reflexion on both axial rows are refined until the maximum intensity is 
obtained. Ac.curate values of a* and c* can then be obtained from the 
-. 
refined 26 values· using the equation: 
a* (or c*) = 2sinG~nA. 
In the case of a monoclinic crystal, a refined value of f3* can be 'obtained 
from the separation of the axial rows, in a similar manner to measurement 
from a photographic film. Because of the geometrical arrangement of the 
diffractometer, 20 increases at twice the rate of<~ in the axial row 
direction, so the ~ value corresponding to the bottom of each axial row. 
(29 = 0°) can be computed from the refined 29 and'"' values. The ~* 
angle is then the difference between ~hese two wvalues. 
Alignment of triclinic crystals and of monoclinic crystals 
mounted about a non-unique axis is not so straightforward because the 
axis of rotation and the corresponding reciprocal axis do not coincide. 
Several metho.ds ·of alignment are available, the easiest of which for a 
monoclinic crystal i~ to adjust one of the arcs by an amount equal to the 
deviation of the f3 angle from 90°, such that the reciprocal axis rather 
than the real axis temporarily becomes the axis of rotation. The crystal 
can·then be aligned using the axial row reflexions as before, and finally 
reset to rotate along the real axis once again •. For this method of 
alignment to be suitable, f3 must be known fairly accurately beforehand. 
The other lattice parameters can be refined in a similar manner to that 
described previously. 
3. Measurement of intensity data on the St6e diffractometer. 
Some of the crystal structures described in this work were 
determined from three-dimensional equi-inclination Weissenberg intensity 
data measured on a St6e automatic diffractometer. This paragraph 
describes the method of data collection, and the treatment of the results 
-to ~btain I and I Fol values. 
The setting angles t.> and 20· for each reflexion (excluding 
space group absenc'es) were calculated from the refined lattice parameters 
by means of a computer program written by Dr. N. W. Alcock (Warwick 
9 
JC 
University) and adapted by Dr, J, D, Lee for an ICL 1905 computer. 
. . 
This program punched the results on to paper tape r~ady for input to the 
control unit of the diffractometer. For .each reflexion, a scan was 
made through the spot in the axial row direction, that is 28 was increased 
at twice the rate of tJ, The scan range used was ~fairly large (2° on w , 
4° on 26) in order to collect both GuKa1 and G~a2 spots from high order 
reflexions. For layers at high ~ angles this range was usually 
increased to· 3° on~ (6° on 26) to allow for the greater spread of the 
spots. The rate of scan of''" was either 1 degree per minute or 0.5 
degrees per minute. A background count was made before and after each 
scan with wand 26 set at the angles corresponding to the start and end 
of the scan respectively, A suitable strong reflexion.was measured 
repeatedly during each run on the dif'fractometer (about every 30 reflexions) 
in order to check that the data collected during the run was in order. 
The results from the check reflexion were processed with the rest of the 
data as described below, .and inspected to see whether th~re had been any 
progressive reduc~ion in intensity due for example to decomposition of' 
the crystal or to the crystal moving out of alignment. 
The intensity data were punched automatically on paper tape 
by the dif'fractometer control unit, and the results were converted to 
I and IFol using a computer program written by Dr. D, R, Russell 
(Leicester University) and converted to run on an ICL 1905 computer by 
Dr. J, D. Lee. For each reflexion the accumulated background counts 
were scaled to correspond to the same time interval as the scan count, 
The. mean of these values was then subtracted from the number of counts 
accumulated during the scan, and the result was divided by 100 to give 
the intensity I of the reflexion on a convenient scale. The observed 
structure amplitude IFol was calculat~d using the equation: 
IFol = fli 
where Lp is the Lorentz-polarisation factor (see Section III. 8). In 
addition, the standard deviations ai and aiFol of the intensity and 
.structure amplitude respectively were' estimated from the counting 
statistics. The program listed these statistics for each reflexion, 
together with the. value IFol/aiFol in the form of a one-digit integer 
from 0 to 9.. This value was used to decide which of the weaker 
reflexions should be considered unobserved, since it is an indication of 
the reliability of the IFol value. In general, most of the reflexions 
had a value of IFol/aiFol much greater than 9', 
4. Structure factors. 
The X-ray waves scattered by a crystal are defined as the 
structure factors Fhkt. , since these values depend on the structure of 
the ·crystal. The intensities of the diffracted beams from a crystal may 
be measured, and after these have been corrected to allow for physical 
effects such as the Lorentz and polar1sation factors (see Section III.8) 
the structure amplitudes IFhk~~ may be obtained as the square roots of 
the 'modified ·intensities, In crystal structure work it is necessary to 
kriow how the structure factors are dependent on· the atomic structure, so 
that the set of observed structure amplitudes may be compared with a 
corresponding set of structure factors calculated for the proposed 
atomic arrangement. 
Fhki\.. is a complex quantity which may be expressed. in terms of 
its real and imaginary components as: 
E f ,cosa, j J J + i E f .sina. j J J 
(Buerger, 196o), where the summation is over all the atoms in the unit 
The term f. is the atomic scattering factor and allows for the 
J 
cell. 
fact that the scattering of X-rays by atom j is due to electrons 
distributed in a finite volume rather than at the centre of the atom. 
Atomic scattering factors are discussed later in this section. The phase 
11 
angle a. of the scattered beam is dependent on the nature and the 
J ' 
arrangement of the atoms in the unit cell. Thus: 
aj = 2lt(hxj + kyj + lz) 
· where x j' yj and z j are the fractional coordinates of atom j along the 
a, b and c axes r·espectively of the unit cell. For convenience, two 
terms A and B are defined as: 
A = cosa = cos2lt(hx + Icy + tz) 
B = sina = sin2lt(hx. + kY + tz) 
These expressions apply to any space 'group, ~ut simplified expressions 
for all the 17 two-dimensional and 230 three-dimensional space groups are 
given in International Tables (1965). The structure factor equation may 
now be rewritten: 
., 
or, in its more usual form: 
and the phase angle is: 
E f .A. j J J + il:f.B. j J J 
2 E f.A.) + j J J 
a =tan E -1 [ f.B. I E f.Aj' J . 
.... ~, j J J j J 
For structures with a centre of symmetry at the origin of the unit cell 
the phase angle is either 0° or 180°, so B = 0 and the structure factor 
equation is _simplified to: 
E f .A. j J J 
The structure factor may also be expressed in terms of the 
electron density .jl (XYZ) at a point in the unit cell having fractional 
coordinates X, Y, Z as: 
I I I 
Fhkq_; = V c J J j ..f (XYZ) exp [ 2lti(hX + kY + tz)J dXdYdZ . 
. 0 0 c) 
where V
0 
is the unit cell volume. 
series this may be rewritten: 
Because of the properties of Fourier 
.,P(XYZ) 1 =v-
c 
+QC> 1-00 ·~ ~-oo k~-oo t~-o<> Fhkll- exp [ -21ti(hX + kY + ..ez) J 
Once again, simplified expressions specific for all the space groups are 
listed in International Tables (1965), and these enable the electron 
density in the unit cell to be computed. 
5. Atomic scattering factors, 
The atomic scattering factor f rep~esents the scattering power 
of an atom, so it is a function of the number of electrons Z in the atom •. 
If the electrons were all located at the point centre of the atom the 
scattering factor would remain at its maximum value (f = Z) for all the 
diffracted X-ray beams, but in practice the value of f falls off as the 
reflection angle e increases. This is because the electrons are 
distributed in a finite volume round the nucleus, and since each electron 
acts as an individual scatterer of X-rays not all the scattered waves are 
in phase except at e = 0° (Buerger, 196o). -The fall off of scattering 
factors therefore depends on the atomic volume,. so each individual atom 
and ion has a different scattering factor curve. Atomic scattering 
factors are also dependent on the wavelength of the incident X-rays, and 
the degree of thermal atomic vibration. 
Curves of f against sine/A are available in the literature. 
It is usual to use scattering factor curves which apply to atoms having 
no thermal vibration, .and to correct the values for temperature ~uring the 
calculation of structure factors, as described later in this section. 
Atomic scattering factor curves are difficult to estimate, and vary 
according to the method used to calculate them, The curves of l~nson, 
Herman, Lea and Skillman (1964-) have been used exclusively in this work. 
The scattering factors reported in the literature are 
calculated_assuming that the atom contains free electrons. In the real 
'3 
atom these electrons are not independent, and the resultant scattering 
power of the atom may be greater than or less than that of the corresponding 
number of free electrons. This effect is known as anomalous dispersion. 
If f is the uncorrected atomic scattering factor, then the value 
u 
corrected for anomalous dispersion is: .... 
• 
f = f + bf' + ill. f" u 
where .df' and t:.f'' are the real and imaginary dispersion corrections. 
These terms depend on the X-ray wavelength and the diffraction angle e, 
although the dependence on e is less than that of atomic scattering 
factors. In general the contribution from i A f' ' is very small compared 
with that from Af', so it is adequate to correct only for the real part 
of anomalous dispersion if facilities to make the full correction are 
not.readily available. The dispersion corrections used in this work 
were those of Dauben.and Templeton (1955), which are also listed for 
various X-ray wavelengths in International Tables ( 1965). \'li th CuKa 
radiation, the corrections for atoms up to and including -nitrogen in the 
_periodic table are negligible. 
6. Temperature factors. 
Thermal motion has the effect of spreading the electrons of 
an atom over a larger volume, so it affects the atomic scattering factor 
curve. If the thermal motion of an atom is spherically symmetrical 
(i.e. isotropic) it may be represented by a single parameter B which has 
the units of R2• The temperature corrected scattering factor is then: 
where f0 is the value corresponding to no thermal vibration which has 
been modified if necessary for the effects of anomalous dispersion, and: 
q = exp(-Bsin2e/x2) • 
Very often the packing of the molecules in a crystal structure 
~ . ' 
is such that atoms vibrate anisotropically, describing an ellipsoid rather 
than a sphere. ·In this case six parameters are required to define the 
thermal motion. Three of these, the main terms :811 , B22_ and B33 , define 
the principle axes of the ellipsoid, and the other three, the cross-terms 
B12, B13 and B23 , relate the directions of these axes to the axes of the 
unit cell. If an atom lies in a special position~ of a space group some 
or all of the cross~terms are required to be zero. Care· must be taken 
not to attempt to refine the zero terms by least squares, otherwise a 
singular matrix will be obtained, The form of the anisotropic 
'2 
temperature factors in terms of B (~ ) is: 
q = exp { -0.25(h2a•~11 + k~*~22 + 11. 2o•~33 
+ 2hka"b*B12_ + 2h·fa*c*Bu + 2keh*c*B23) J 
Alte.rnatively, anisotropic temperature factors may be expressed in terms 
of the unitless quantities 1311 , 1322.' 1333 , 1312 , 1313 and. 1323• 
related to the corresponding B values by the expressions: 
1311 = 
a*~11 
4.-
b*~ ~22 = 22. 
' 4- . 
~33 = o*~.23 4-
1312 = a*b*B12. 
4-
1313 
a*c*B 
= 12 
4-
These are 
.and the correction to be applied to the scattering factor is then: 
1'5 
7. Standard deviations of bond lengths and bond angles. 
When a crystal structure has been refined by least squares 
methods, the errors in the atomio positions are estimated from the 
.I 
diagonal terms in the inverse least squares matrix: These errors can 
then be used to calculate standard deviations of~ond lengths and bond 
angles. In general, least squares refinement using the block-diagonal 
approximation tends to give underestimates of the errors in atomic 
positions, but more realistic values can be obtained using full matrix 
least. squares refinement since this latter method takes account of 
interatomic interactions (Hodgson and Rollett, 1963). The standard 
deviations obtained by least squares refinement are also dependent on the 
weights used {Cruickshank, 1965), and the choice of suitable weights is 
discussed in Appendix III. A detailed discussion of the accuracy of 
interatomic distances and angles is given by Cruickshank and Robertson 
(1953), and the mathematical equations involved are summarised by 
Buerger ( 196o). 
If s12 is the bond length between two atoms, 1 and 2, not 
related by symmetry, then the. variance of the bond· length is: 
2 2 The terms a1 and a2 are the variances of atom 1 and atom 2 respectively 
in the direction of the bond, and these may be.calculated from the 
estimated standard deviations in the positions of the two atoms. If the 
two atoms are equivalent because of a centre of symmetry, a mirror plane 
or a twofold axis, then: 
2 2 2 
a8 · = 4a1 = 4a2. • 
. 2 The result is not _2a1 as might be expected, but twice this value• 
Consider the case of two atoms related by .a mirror plane, If the true 
11 
position of atom 1 is not in its calculated position but closer to the 
mirror by a1 , then atom 2 must also be nearer to the mirror by the same 
amount. This has the effect of shortening the bond by twice the amount 
which would be observed between unrelated atoms, which could move 
independently. Bonds across centres of symmetry and twofold axes are 
affected similarly. 
If p is the angle formed at atom 2 between two bonds s12 and 
s23 , then the variance of this angle is given by: 
2{ 1 a(2) --2 -
. s12 
+ 
where a(1) 2 and a(3) 2 are the variances of atoms 1 and 3 in the directions 
perpendicular to the bonds s12 and s23 respectively, and a(2)
2 is the 
variance of atom 2 in the direction of the centre of the circle passing 
through the three atoms. If atoms 1 and 2 are related by a centre of 
symmetry, a p 2 is given by replacing atom 1 by an artificial atom at the 
centre of symmetry 0, which has no error, and using the half distance 
s02 instead of s12• This special 'treatment has been applied in this 
work to the standard deviations of bond angles involving a centre of 
symmetry. The, relative increase in the standard deviations due to this 
·effect is smaller than that which occurs for the standard deviations of 
bond lengths. In most cases the value calculated on the basis of 
unrelated atoms does not differ from the correct value to the number of 
significant digits claimed, and the effect on the standard·deviations of 
bond angles involving a mirror plane or a twofold axis is also very small. 
• 8. Prediction of bond lengths from covalent atomic radii 
and corrections for electronegativity difference. 
Where possible the bond lengths observed in the compounds 
.studied in this work are compared with those found in other similar 
structures. Values obtained f~om Pauling's covalent atomic radii 
(Pauling, 1960) are also given as a standard for comparison. 
I' 
.• 
The expected bond length between two atoms may be taken as the 
sum of the _appropriate single-, double- or triple-bonded covalent radii. 
In some cases, particularly for bonds between atoms of the same tYPe, 
bond lengths obtained in this way agree well with experimental values. 
In many cases· the observed bond lengths are found .to be significantly 
shorter than would be expected from the sum of the covalent radii. Few 
bonds are totally covalent (or totally ionic), In general the larger 
the electronegativity difference between two atoms, the less covalent 
character (and the more ionic character) there is in the bond. Since 
Pauling's radii apply only to covalent bonds, and bond lengths are 
shortened by a degree of ionic character, it is not surprising that poor 
agreements are found between the sum of Pauling' s covalent radii and 
observed bond.lengths, 
Schomaker and Stevenson (1941) found that better agreements 
were obtained if bond lengths were calculated from the equation: 
D(A - B) = rA + rB - clxA - ~~ 
where D(A- B) is the bond length between two atoms A and B, rA _and rE 
are the covalent radii and xA and~ are the electronegativity values of 
the two atoms. The Schomaker-Stevenson coefficient, c, was originally 
·given the value 0.09 ~. but Pauling (1960) suggests that different values 
of c should be used for atoms in different rows of the Periodic Table, 
as follows. For all bonds involving at least one atom in the first 
short period, c = 0.08 ~; for bonds between silicon, phosphorus or 
sulphur and a more electronegative atom not in the first short period, 
c =·o.o6 ~; for germanium, arsenic or selenium bonded to a more 
electronegative atom not in the first short period, c = 0.04 i; and for 
tin, antimony or tellurium bonded to a more electronegative atom not in 
the first short period, c = 0.02 .R. According to Pauling, the 
electronegativity correction should not be made for bonds between carbon 
and elements in the fifth, sixth and seventh groups other than those in 
the first short period, because double-bond character ovenrhelms the 
effect of bond shortening.caused by electronegativity difference. 
In many cases, Schomaker-Stevenson corrections give bond lengths 
in good agreement with observed values, but it is still uncertain how to 
... 1 
predict accurate bond lengths in a reliable way. 
Expected values for the bond lengths relevant to this work are 
listed in Table 1, together with the values'of c used in the 
Schomaker-Stevenson correction where appropriate. Pauling' s 
electronegativity values were used (Pauling, 1960). According to 
Pauling, the electronegativity correction should not be made for bonds 
between carbon and phosphorus, but both corrected and uncorrected values 
for the P - G bond have been included for comparison. 
TABLE 1. Bond lengths from Pauling' s covalent radii 
Bond 
Cl - P 
S:P 
s - p 
S - G 
p - c 
C - G 
c = c 
Not corrected for 
electronegativity 
difference 
2.o9 R 
1.94 
2.14-
1.81 
1.87 
1.54 
1.33 
.G -·c(aromatic) 1.39 
Corrected for 
electronegativity 
difference · 
2.04 R 
1.92 
2.12 
1.84 
Value of 
Schomaker-Stevenson 
constant (c) used 
o.o6 R 
0.06 
o.o(J 
0.08 
t< 
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1 • Introduction. 
• 
Bis(cyclotetramethylene) diphosphine disulphide may be 
synthesised by reaction of thiophosphoryl chloride with the double 
Grignard reagent from 1 ,4-dibromobutane (Schmutzler, 1961+). The 
structure of this heterocyclic compound was proposed as:. 
based on chemical analysis, its conversion to the corresponding 
trifluorophosphorane by antimony trifluoride (Schmutzler, 1964), 
and on vibrational spectroscopic data ( Cowley and White, 1966). 
2. Preparation and ootical examination of crystals. 
A sample of the compound was kindly provided by Prof. R. 
Schmutzler (Technical University, Braunschweig, Germany). This was 
recrystallised from toluene-ethanol (3:1) and dried in vacuo. The 
purified material melted at 185°C. Crystals were in the form of 
colourless needles, stable to air and water. Examination of single 
crystals under the polarising microscope revealed extinction at two 
positions, neither of which was parallel to a prominent crystal face. 
This indicated that the crystal system vms triclinic but, rather 
surprisingly, no interference fringes were observed. 
3. Crystal density. 
The crystal density was measured by the method of flotation in 
aqueous solutions of potassium iodide. The density of the flotation 
liquid in which the crystals neither sank nor floated was measured by 
means of a Westphal balance. -3 The valu<:l thus obtained was Dm = 1. 32 g. cm. 
!1-, X-ray p hotogranhy. 
A single crystal of approximate dimensions 0.31 mm. x 0.11; mm, 
x 0.09 mm, was chosen for X-ray photography with the needle axis as the 
axis of oscillation. This was arbitrarily taken as the crystalloeraphic 
c axis. Oscillation and zero and first layer Weissenbcrg photographs 
did not show any symmetry and, when the Weissenberg films 11ere indexed, 
it was found that both axial. rows of the first layer photograph were 
curved. This confirmed that the crystal system was triclinic. 
A sec~nd single crystal of approximate dimensions 0,22 mm, x 
0.11 mm. x 0,08 mm, was mounted with a as the axis of oscillation. 
Oscillation and Ueissenberg photographs confirmed the above conclusions, 
5. Space e;roun, 
There were no systematically absent reflexions on any of the 
Weissenberg photographs, This observation is in accordance with either 
of the two triclinic space groups (International Tables, 1965), and it is 
not possible to distinguish between them on the basis of systematic 
absences, The space group is therefore P1 (No.1) or P1 (No.2). 
6. Cell size and c-ontents, 
The lattice parameters a, c, a*, b*, c*, _a* and Y* were measured 
from high order reflexions on the oscillation and zero layer Weissenberg 
photographs obtained from both settings. The remaining lattice 
parameters were then calculated as described in Section II, 
The number of molecules per unit cell; Z, can be calculated 
from the equation 
D.N U 
z o. 
= 1024,1{ 
where D is the density of the crystal (g.cm.-3 ), N is the Avogadro 
. 0 
number (6,023 x 1023 ), U is the unit cell volume (.Z.3} and M is the 
molecular weight of the molecule. -3 A density of 1.32 g.cm. corresponds 
to one molecule· per unit cell, for which the calculated density, D, is 
0 
'2.'2 
1.359 g. cm. -3 
• Crystal data ~or bis(cyclotetramethylene) diphosphine disulphide 
are sum'Uarised belm7. 
7. Crystal data. 
c8n16P 2s2 , !.! = 238.3. 
Triclinic, a= 7.65, b = 6.90, c = 5.88, all± 0.02 R; 
ex = 75°30', ~ = 104°15', Y = 92°36', all± 30'. 
21 0. 3 U = 9 • 2 " , Z = 1 , Dm = 1. 32 g. cm.- , 
FOOO = 126, 1.1 = 61.4 cm. - 1 
CuKcx, 1- = 1 • 51~2 1L 
Space group P1 or P1. 
8. Collection o~ intensity data. 
-3 Dc = 1.359 g.cm. 
Three-dimensional equi-inclination Yleissenberg data ~or the 
layers hkO and Okt. to 6k.2- were collected photographically ~rom the same 
crystals as be~ore, using Il~ord Industrial G X-ray ~ilm. In order to 
cover the large intensity range long and short exposures were given ~or 
each layer, and the multiple ~ilm technique (De .Lange, Robertson and 
Woodward, 1939) was employed. Relative intensities were measured by 
v~sual comparison with intensity strips produced from the same crystals, 
and ~ilms from the same layer were correlated by means o~ re~lexions 
common to two or more ~ilms, as described in Appendix I. In this way 
771 independent reflexions were measured. 
The intensities (I) were converted to IFol by means o~ the 
equation: 
The Lorentz-polarisation (Lp) ~actor is· a function o~ the reflection 
ant;le e and the equi-inclination angle 
1 + coc22e Lp = _ __:_-;:::::;:::::::::==;:: • 
2cose jcos2f!e - cos 2e 
I! • e· 
This calculation was carried out usin~; a computer program written by 
Shiono on an IBM 1620 computer (IB!t! library program No.1620/8.0l,..002). 
The optimum crystal size, above which absorption effects become 
appreciable, has been shown to be 2/~ cm. (Buerger, 191!-2). The linear 
absorption coefficient, ~. is defined by 
~ = Di~1 gi (11,.{- )i cm:1 
where D is the crystal density (g. cm. -3) and (rtfto)i (cm. 2g. - 1) is the 
mass absorption coefficient of atom i, the value of which is dependent on 
the wavelength of the radiation used (International Tables, 1965). The 
term gi is the mass fraction contributed by atom i in the molecule, and 
the summation is over the n different t~~es of atom in the molecule. 
For bis(cyclotetramethylene) diphosphino disulphide using CuKa radiation 
-1 I . J.t = 61,4. cm. , and hence 2 ll = 0.033 cm. or 0.33 mm. The crystals used 
to collect intensity data were approximately 0.31 mm. and 0.22 mm. 
respectively in their longest cross-sectional dimensions, so it was 
considered .unnecessary to correct intensities for absorption effects. 
No corrections were made for extinc.tion. 
9. Pyre-electric test. 
The pyre-electric test (Wooster, 194.9) \7as used to detect the 
.presence or absence of a centre of symmetry, that is to distinguish 
between space groups P'i and P1. At· low temperatures crystals 
containing no centre of symmetry exhibit an electrical dipole, 
whereas the presence of a s~~etry centre produces a resultant zero 
dipole. The presence of pyre-electricity shows the absence of a centre 
of symmetry, but if the effect is not observed the presence of a symmetry 
centre cannot be proved conclusively: the pyre-electric forces may be 
too small to be detected, 
A crystal ;vas placed on a clean copper foil spatula attached 
to a glass rod and a lip on the copper foil was immersed in liquid 
nitrogen for a 'few sec·onds, When the spatula was removed and slowly 
inverted the crystal fell off, indicating no pyro-olectric effect, and 
suggesting the presence of a centre of symmetry. 
10. Statistical N(z) test. 
In an attempt to confirm the presence of a centre of symmetry, 
the statistical N(z) test devised by Howells, Phillips and Ror,ers (1950) 
was used. The space r,roup PT is centrosymmetric in all_three projections 
whereas P1 is not, so it should be possible to determine the space r,rou1) 
uniquely using two-dimensional data. The hkO data were ready at an 
early stage, so the intensity distribution of this zone was calculated 
using the computer program described in Appendix II on an ICL 1905 
computer. All unobserved hkO reflexions having sine less than 1 (sinS/~ 
less than 0.65) were added to the observed reflexions, and given a value 
of I Fol = 0.5, which was approximately half the minimum observed value of 
IFol on the arbitrary scale of the observed data. Axial row reflexions, 
and reflexions for which sin8/~ was less than 0.10, were not used in the 
test, for the reasons discussed in Appendix II. The remaining 111 
reflexions were divided into 9 ranges of sine;,, as follows: 
o.1o - 0.20; 0.20 - 0.30; 0.30 - 0.35; 0.35 - 0.40; 0.40 - 0.45; 
0.45 - 0.50; 0.50 - 0.55; 0.55 - 0.60; 0.60 - 0.65. 
The mean curve of N(z) against z obtained in this way is 
compared in Figure 1 vrith the theoretical intensity distributions for 
centrosymmetric and non-centrosymmetric crystals. At small values of z 
the observed values of N(z) lie close to the theoretical curve for the 
centrosymmetric case, but as z increases the points follow the curve for 
the non-centrosymmetric case. The Wilson ratio (1'1ilson, 1949) for this 
data was 0. 70 compared with theoretical values of 0. 64 for centrosymmetric 
crystals and 0.79 for non-centrosymmetric crystals, so no conclusions 
could be drawn from the results. 
The statistical test was then repeated on three-dimensional 
data from the layers 1k~ to 4-":.t. , and 6k.t ; intensity data from the 5k.t. 
zone were not available at the time. The data were placed on the·same 
FIGURE 1 •. The intensity distribution of the hkO zone compared with the theoretical 
curves for centrosymmetric (l) and non-centrosymmetric (1) 
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relative scale by means of reflexions common to these layers and to the 
• hkO zone. All unobserved reflexions having sin6 less than 1 were added 
to the observed reflexions, and given a value of IFol = 0.5, which was 
approximately half the minimum observed value of jFoj on the arbitrary 
scale of the observed data. Only the general reflexions (those with no 
Miller indices zero) were included in the calculation, and reflexions 
having sinE!/;~. less than 0.10 were not used, for the. reasons discussed in 
Appendix II. The remaining 729 reflexions r1ere divided into the sa1ne 9 
ranges of sin8/7c as in the two-dimensional statistical test. The mean 
curve of N(z) against z for the three-dimensional data is shown in 
Figure 2. The Wilson ratio (Wilson, 1949) for this data was 0.60 
compared with theoretical values of 0.64 for oentrosymmetric and 0.79 for 
non-centrosymmetric space groups. 
It is clear from the intensity distribution of the three-
dimensional data that the space group is P1 (No.2), rather than P1 (No.1). 
The failure of the test on two-dimensional data was attributed to there 
being insufficient data for statistics to apply •. 
11. Patterson synthesis of the h~ urojection. 
A two-dimensional Patterson synthesis was performed on the 97 
observed hkO reflexions using a crystallographic Fourier program written 
in SPS by Mr. G. S. D. King (Union Carbide :European Research Associates, 
Brussels), on an IBM 1620 computer. 
The three-dimensional electron density expression for the space 
group P1 is: 
JI(XYZ) = ~c h~O k1o .Ju [ F(hk~)cos2n(hX + k:f + R.z) 
+ F(ilkR.) cos2n( -hX + kY + .t.z) + F(ILU) cos2n(hX - kY + U) 
+ F(hk[)cos2n(hX + kY- ~z)} (electrons).R-3 , 
whero~(XYZ) is the electron density at ·a point in the unit cell having 
fractional coordinates X, Y, Z, and V0 is the unit cell volume 
'l-7 
FIGURE 2. THE THREE-DIMENSIONAL INTENSITY DISTRIBUTION COMPARED WITH THE 
-THEORETICAL CURVES FO~ CENTROSYMMETRIC (1) AND 1 
i~Oi~-CENTROSYI11~ETR I C ( 1) 1 
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(International Tables, 1965). The corresponding Patterson function is: 
P(UVII) = ~c h1-o kfu .t~O { IF(hke.)l 2cos2n(hU + kV + tw) 
+ I F(likt) l2cos2n( -hU + kV + ~W) + I F(hkt) l2cos2n(hU - kV + ew) 
+ I F(hlci) l2cos2n(hU + kV - .tw)} 
where P(UVW) is the vector density at a point in the unit cell having 
fractional coordinates U ,V ,W (International Tables, 1965). The Fourier 
program uses three-dimensional electron density expressions rather than 
Patterson functions so, in order to produce a. Patter~on map, IFol 2 values 
instead of Fo values were used as coefficients in the three-dimensional 
electron density expression for the space group P1. This expression is 
also valid for two-dimensional data. 
The vector map obtained for the hkO projection (Figure 3) 
clearly showed the orientation of the S - P - P - S linkage, and possible 
positions for the carbon atoms were indicated. Since the space group is 
centros~mnetric and the unit cell contains one molecule, the molecule 
itself must be centros~etric, vrith its centre of s~etry at the mid-
' point between the two phosphorus atoms. This point is also the origin 
of the unit cell. 
12. Refinement of the ~kO projection. 
Fourier, structure factor and block-diagonal least squares 
calculations were carried out on the hkO reflexions usinc; computer 
. programs written in SPS by !.!r. G. S. D. King (Union Carbide European 
Research Associates, Brussels), on an IB~~ 1620 computer. The atomic 
scattering factor curves used in the structure factor calculations were 
those of Hanson, Herman, Lea and Skillman (1964). Reflexions too 11eak 
to be observed were omitted from the structure analysis. 
The expression for the calculation of structure factors for 
space group Pf is given in International Tables (1965) as: 
A = 2cos2n(hx + ky + tz); B = 0. 
Note. 
• 
FIGURE 3. Patterson map of the hkO projection 
The Patterson and Fourier maps in this thesis show contours 
drawn at equal arbitrary intervals upwards from zero 
oo 
When this expression is used it is only necessary to calculate· structure 
factors over the atoms in one asymmetric unit. The asymmetric unit in 
this case is one half of the unit cell. As discussed previously, the 
molecule of bis(cyclotetramethyleno) diphosphine disulphide is centre-
symmetric, and th:i.s symmetry coincides 17ith the space group centre of 
s~~etry at the origin of the unit cell. An atom with coordinates x,y,z 
is repeated by the centre of s;ymmetry at x,y' z, which in this case is the 
equivalent atom in the other half of the molecule. Thus the asymmetric 
unit is half of one molecule, and consists of one sulphur atom and one 
heterocyclic ring, containing a phosphorus atom and four methylene group·s, 
The first structure factor calculation was performed. on sulphur 
and phosphorus atoms only, because the positions of the carbon atoms were 
not clearly defined on the hkO Patterson map. Isotropic temperature 
factors of B = 3.0 R2 were assumed for both atoms. The reliability index 
obtained in this way for the partial trial structure was R = 30.5%. 
A heavy atom Fourier calculation was carried out, using the 
observed structure amplitudes as coefficients, but with the signs of the 
structure fac:tors calculated on the basis of the sulphur an<i phosphorus 
atoms only. Since heavy atoms scatter more X-rays than light atoms, the 
magnitude and sign of a structure factor is governed. mainly by the heavy 
atoms present, and to a lesser extent by the lighter atoms. It was 
therefore assumed that sufficient of the signs were correct to produce a 
Fourier map showing the positions of the carbon atoms, as well as the 
sulphur and phosphorus atoms. The map clearly indicated the positions 
of three of the four carbon atoms making up the ring, The position of 
the fourth carbon atom was not obvious, and this was placed in a 
sensible position by the use of a model and bond length and angle 
calculations. 
Isotropic temperature factors of B = 5.0 i 2 were used initially 
for the carbon atoms, and least squares refinement of the full trial 
~, 
structure (excluding hydrogen atoms) \7as commenced. Isotropic 
temperature factors and the fractional coordinates x/a and yjb for each 
atom were allowed to refine as the projection vras well resolved. In 
block-diagonal least squares refinement the shifts predicted for 
positional parameters tend to be too large, resulting in oscillation of 
the positions from cycle to cycle. In order to accelerate refinement, 
shifts may be multiplied by a suitable quantity (a "fudge factor") before 
being applied to correct the parameters. In this case a fudge factor of 
about 0. 8 was used each time, After .10 cycles of least squares 
refinement using unit weights, the reliability index converged at 
R = 10.8%. The hkO Fourier map based on the atomic para~eters at 
R = 1o.~G is shown in Figure 4, together with the final atomic positions. 
13. Patterson synthesis of the Okt. nro jection. 
The Patterson map obtained from the 82 observed Ok.f...reflexions 
is shown in Figure 5. This is. not so well-resolved as the hkO Patterson 
map, but the positions of the sulphUr atoms, and the phosphorus atoms 
almost s_uperimpose<l one above the other near ·the origin, could be deduced. 
14; Refinement of the Ok~ pro ,iection. 
A structure factor calculation was carried out on the 82 
observed Oktreflexions, using y/b fractional coordinates and isotropic 
temperature factors for the sulphur and phosphorus atoms obtained from 
refinement of the hkO projection, and z/c fractional coordinates for these 
atoms obtained from the OkLPatterson map. 
reliability index. R = 32. il~. 
This gave a value of the 
A heavy atom Fourier map was calculated from the observed 
structure amplitudes with the signs of the calculated structure factors 
at R = 32.;:7;, This map, in conjunction with the yjb coordinates of all 
the atoms known from the hkO projection, revealed the positions. of three 
of the carbon atoms, The other carbon atom was assumed to be partially 
superimposed by the sulphur atom in this projection, since models and 
FIGURE 4. Fourier map of the hkO projection at R = 10.8J& 
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bond length and angle calculations showed that this was the only 
reasonable position for it to occupy. 
Block-diagonal least squares refinement of the Ok£. projection 
was then co~nenced. Since the block-diagonal approximation does not allow 
for correlations between the coordinates of different atoms, refinement by 
this method is not valid for atoms which overlap in projection. For this 
reason the positional parameters of the phosphorus atom, and of the 
overlapping sulphur and carbon atoms, were not allowed to refine. In 
addition the y/b coordinates of all the atoms were held constant as these 
were known with n fairly high degree of accuracy from the better-resolved 
hkO projection. Isotropic temperature factors \7ore initially taken as 
those obtained from the hkO projection, and a fudge factor of about 0.8 
was applied to the shifts after each cycle of refinement. A:f'ter ten 
cycles using unit weights, convergence occurred with a value of the 
reliability index R = 25.676. The Ok.£...J,'ourier map based on the final 
structure factor calculation at R = 25.0b is shown in Fieure 6. 
15. Three-dimensional least squares. refinement. 
Three-dimensional least squares refinement was initially 
carried out using .the same structure factor/block-diagonal least squares 
computer program as before. .The initial positional atomic parameters 
used were those obtained from refinement of the two projections, and 
individual atomic isotropic temperature factors were taken to a first 
·approximation as the mean of those obtained in the tvro projections. 
All reflexions available at the time were used in the calculations 
(i.e. data from the layers hkO, Oke, 1k~ ••• 4kC, 6kt), giving a total of 
694 independent observed reflexions. The le.yers of data were put onto 
the same scale by means of reflexions co~on to more than one layer. 
A:f'ter seven cycles of refinement using unit weights, in which ~he 
parameters x/a, y/b, z/c and isotropic temperature factor for each atom 
wero allowed to refine, the reli'ability index converged at R = 1?.3'}( 
At this stage more accurate interlayer scaling was achieved by 
FIGURE 6. F'ourier map of the Ok~projection at R = 25.6% 
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calculating the ratio ~IFci/~IFol for each layer, and multiplying each 
• 
IFol value by the appropriate ratio. Three more. cycles of refinement 
were carried out using unit weights. Four reflexions which gave very 
bad agreement between IFol and IFcl were excluded from the least squares 
matrix, but not from the calculation of R. 
if-' 
converged at R = 16.4;o, 
The reliability index 
Three more cycles of least squares refinement were performed 
using a weighting scheme: 
V/ = 0.5 A B + -- + -"'-;:: 
IFol jFoj 2 
with values of the constants A = 0.4 and B = 0,02, 1vhich dowm7eighted 
large reflexions, This procedure improved R to 16.1%. A bond length 
and angle calculation based on the atomic coordinates at R = 16.1% shov1ed 
no unusual features, 
Subsequent refinement was performed using the X-ray 63 system 
of computer programs due to Prof. J. M. Stewart (University of J,:aryland), 
as adapted by Dr. ·J, C. Baldv1in for the SRC Atlas computer at Chilton. 
A modified version of the full-matrix least squares program ORFLS 
(Martin, Busing and Levy, Oak Ridge National Laboratory) was employed 
for refinement. The atomic scattering factors were the sa~e as those 
used previously, but those for sulphur and phosphorus were modified for 
both the real and imaginary parts of anomalous dispersion (Dauben and 
Templeton, 1955; see also Sec·tion II). 
A structure factor calculation using the program FC initially 
obt'ained scale factors from the sums of IFol and jFcl for each layer, and 
gave a value of the reliability index R = 16.6%. 
Six cycles of least squares refinement 17ere carried out in which 
positional parameters and isotropic temperature factors were varied for 
each atom, and interlayer scale factors were allowed to refine. For the 
first three cycles unit weights wore employed, then a Cruickshank tYPe 
3i 
of weighting scheme: 
1V 1 = 
+ ciFol 2 A+ BIFol 
(Cruickshank, 1965) was introduced. The value of B was taken as 1.0 and 
values of A and C were chosen on the basis of the minimum and maximurn 
observed structure amplitudes, Fmin and Fmax' as suggested by Cruickshank 
(see Appendix III). The observed values were Fmin ~ 1 and Fmax ':!:' 33, so 
values of A = 2F . = 2 and C = 2/F x = 0.06 were used. mJ..n ma The reliability 
index converged at R = 16.0%. 
A more detailed weight analysis was carried out by hand on the 
results of the structure factor calculation at R = 16.df6, as described in 
Appendix III. This time a Jlughes type of weighting scheme: 
\7 = 1 when IFol ~A; w =tl~olr when IFol ) A 
(Hughes, 1941) was considered. A value of A= 6 was chosen as giving 
the best fit to the observed curve of normalised average difference 
squared against mean structure amplitude, and least squares refinement 
was continued using this weighting" scheme. The sulphur and phosphorus 
atoms vrere allowed to refine anisotropically. Since the largest 
correlations in the least squares matrix occur bet11een scale factors and 
·anisotropic temperature factors, refinement of interlayer scale factors 
was discontinued. The remaining parameters were varied as before. 
This procedure improved the reliability index to R = 14.0% after t~o 
cycles. 
A weight analysis was calculated automatically on the results 
of the structure factor calculation at R = 14.0%, by means of the 
computer program Y~ANAL in the X-ray 63 system. This indicated that 
the Hughes type of Yleighting scheme vlith A "' 6 was no longer suitable, 
because the introduction of anisotropic thermal vibration on the heavier 
atoms, and the further degree of refinement achieved as a result, had 
substantially changed the size and distribution of the differences 
between IFol ~nd IFcl. The Cruiclcshanlc type of weighting scheme was 
• 
adopted as being more flexible than the Hughes type, and the graphical 
method described in Appendix III was used to choose constants for the 
Cruickshank type of scheme which gave a good fit to the observed weight 
curve. Values of A = 0.853, B = 0.066 and C = 0.016 were chosen. The 
inter layer scale factors nere corrected from the sums of I Fol and l:rcl 
for each layer, and tl7o further cycles of refinement were made in the 
sar.1e way as before, but using the new weighting scheme. The reliability 
index converged at R = 13.8%. 
At this stage data from the 5kR.- zone was added, making a total 
of 771 independent observed reflexions. With new scale factors a 
structure factor calculation gave R = .14.0~1, which reduced to 13.9% 
after two cycles of refinement. The weight analysis at R = 13. 'fi.~ was 
found to give a curve still in good agreement with the Cruickshank type 
of scheme using the same constants as before • 
. The positions of the methylene hydrogen atoms were calculated 
in the following manner. First the equation \7D.S calculated to the plane 
which passes through the carbon atom to which the hydrogen atoms are 
a;ttachcd, and which perpendicularly bisects the angle made by the carbon 
atom and the adjacent atoms on either side in the heterocyclic ring. 
The hydrogen atoms were placed in this plane at a distance of 1.075 1\. 
from the carbon atom, assuming an approximately tetrahedral arrangement. 
The hydrogen atoms were included in the structure factor 
calculations, with an isotropic temperature factor· of B = 5.0 11.2 for each 
atom. The scale factors v1ere corrected from the sums of I Fo I and I Fcl , 
and the positions and temperature factors of the sulphur, phosphorus and 
carbon atoms v1ere refined for two further cycles. The hydrogen 
parameters were not varied. This cave.a value of R = 12.~. 
Nw positions of the hydrogen atoms were calculated based on the 
more up to date atomic positions, and some punching errors in the mea~ured 
data were corrected. New interlaycr scale factors were found from a 
structure factor calculation. After two cycles of least squares 
refinement varying the same parameters as before, R reduced to 10.?.%. 
The aereement analysis was examined, and nmv constants for the 
Cruickshank type of weight equation were found graphically to be 
A= 0.883, B = 0.068, C = 0.082. The curve obtained from the agreement 
analysis is compared with the Cruickshank curve based on these constants 
in Figure 7. New hydrogen positions were again calculated and two 
cycles of refinement were carried out with the new weightine scheme, 
varying the same parameters as before. The 1,7,2 reflexion, which had 
given consistently bad agreement and a large value of the weighted 
differenceJWI!Fol -!Fell of approximately 3.3, was excluded from the 
least squares matrix but not from the calculation of R. There were no 
other weighted differences greater than 1.8. The reliability index 
finally converged at R = 10.4% based on the 771 independent observed 
reflexions. 
The final atomic coordinates and their estimated standard 
deviations are given in Table 1, the final calculated hydrogen positions 
are given in Table 2, and the final temperature factors are shown in 
.Table 3. The observed and calculated structure factors at R = 10.4% are 
listed in Table 4, and the agreement analysis is given in Table 5. 
16. Calculation of bond lcn,o;ths and an.des and their standard deviations. 
A final bond length and angle calculation was performed using 
the computer program BONDLA in the X-ray 63 system. This calculation 
tabulated all intramolecular distances up to 2.5 .R, toeether with the 
associated angles. A list of all intermolecular distances up to 4.0 R 
was also produced, by generating the coordinates of equivalent atoms in 
27 unit cells around the central cell. 
Estimated standard deviations were calculated for intramolecular 
distances and angles from the estimated errors in the atomic positions 
FIGURE 7. Final weight curve 
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TABLE 1. Final atomic coordinates and their estimated standard deviations. 
Atom x/a y/b zjc 0 xfa 0 y/b ozjc 
s 0.1812 1. 2129 -0. 2832 0.0003 0.0003 0.0004 
.p 0.1338 0.9851 -0.0333 0.0002 0.0002 0.0003 
C(1) 0.1422 0.7341 -0. 0780 0. oou 0.0009 0.0014 
C(2) 0.3073 0.6350 O.ll19 0.0013 0.0012 0. 0018 
C(3) 0. 3259 0.7130 0.3367 0.0012 0.0012 0.0017 
C(4) 0.2962 0.9376 0.2598 o. 0011 0.0010 0.0014 
TABLE 2. Calculated positions of hydrogen atoms. 
Atom xfa y/b z/c 
H(l) 0.0223 0.6539 -0. 0506 
H(ll) 0.1565 0.7406 -0. 2571 
H(2) 0.2915 0.4754 0.1566 
H(l2) 0. 4257 0.6709 0.0429 
H(3) 0.2270 0.6446 0.4323 
H(l3) 0.4587 0.6778 0.4527 
H(4) 0.2428 0. 9877 0.3885 
H(14) 0. 4205 1. 0124 0.2434 
TABLE 3. Final temperature factor parameters. 
Atom B Bll 822 833 812 813 o2 
(A ) 
s 3.90 3.04 3.48 -0.38 1.11 
p 1.77 2.02 2.42 0.06 0.22 
C(1) 2.96 
C(2) 4.31 
C(3) 4.19 
C(4) 3.23 
All the hydrogen atoms were assumed to have isotropic temperature 
o2 
factors of B = 5. 00 A . 
4'3 
823 
0.19 
-0.51 
TABLE 4, Observed anci calculated structure factors 
h k 
0 1 0 
0 2 0 
0 3 0 
0 4 0 
0 5 0 
0 6 0 
0 8 0 
1 -8 0 
1 -6 0 
1 -s o 
1 -4 0 
1 -3 0 
1 -2 0 
1 -1 0 
1 0 0 
1 1 0 
1 2 0 
1 3 0 
1 4 0 
1 5 0 
7 0 
1 8 0 
2 -8 0 
2 -15 0 
2 -4 0 
2 -3 0 
2 -2 0 
2 -1 0 
2 0 0 
2 1 0 
2 2 0 
2 3 0 
2 4 0 
2 7 0 
2 8 0 
3 -8 0 
3 -6 0 
3 -5 0 
3 -4 0 
3 -3 0 
3 -1 0 
3 0 0 
3 1 0 
3 2 0 
3 3 0 
3 4 0 
3 5 0 
4 -7 0 
4 -6 0 
4 -5 0 
4 -4 0 
4 -3 0 
4 -2 0 
4 -1 0 
4 0 0 
4 1 0 
4 3 0 
4 4 0 
4 5 0 
4 7 0 
5-4 ·o 
5-3 0 
5-2 0 
5-1 0 
5 0 0 
• 1 0 
5 2 0 
5 3 0 
5 4 0 
• 7 0 
6 -6 0 
6 -5 0 
6 -4 0 
6 -3 0 
6 -2 0 
6 -1 0 
Fo Fo 
28.3 3l.5 
11.0 -9,3 
21.1 20.6 
23.9 24.7 
17.8 16.8 
4.3 4.3 
2.3 3.1 
4.9 -4,3 
8.8 6.6 
9,6 7,8 
9,5 -7,8 
12.4 -11,8 
17,1 15,3 
10.5 11,6 
22.2 23.7 
26.3 27 .o 
13.6 -11.9 
17.8 18.5 
33.2 37,2 
15.5 14.2 
4.4 4,5 
9.5 10.3 
6.0 -6.2 
11.4 -9.2 
12,6 -15,2 
9,0 -8.3 
8.7 9.1 
11.1 11,1 
35.1 -39.4 
25,6 -26,0 
8.8 8.9 
7,9 7.7 
3,2 3.2 
7,4 6,8 
6,7 7,7 
4.0 -4.6 
7,7 -6.9 
19.7 -19.0 
15.4 -17,1 
6.5 5,9 
22.3 -24.5 
21,7 -24.5 
13.1 -14.5 
7.4 6,9 
4.3 -3,6 
20.1 -20.8 
15,3 -12.3 
6.4 -5.4 
10.9 -10.8 
9.1 -9,9 
9.7 -9.7 
7.2 -6.1 
8.5 -9.9 
28,9 -32.5 
20.3 -20.3 
5.9 4.7 
16.3 -17,1 
18,8 -18,7 
6.8 -5.8 
5,9 -5,3 
8,2 6,6 
11.8 -9.9 
12.7 -14.6 
4.9 -4,4 
6.1 -5,6 
4.9 -4,8 
11,5 -10.8 
14.2 -16,3 
8,6 -8,2 
6,0 -6,4 
5,6 5.6 
9,4 9,6 
9,8 9,3 
2.2 1.9 
2,3 -1,8 
13.4 13.5 
h k 
6 0 0 
6 1 0 
6 2 0 
6 4 0 
6 6 0 
7 -5 0 
7 -3 0 
7 -2 0 
7 -1 0 
7 0 0 
7 1 0 
7 3 0 
7 4 0 
8 -3 0 
8 -2 0 
8 -1 0 
8 1 0 
8 2 0 
8 3 0 
8 4 0 
9 2 0 
0 -8 
0 -7 1 
0 -7 2 
o -a 2 
0 -6 3 
0 -5 1 
0 -5 2 
0 -5 3 
0 -5 4 
0 -4 1 
0 -4 2 
0 -4 3 
0 -4 4 
0 -4 5 
o .. a 1 
0 -3 2 
0 -3 4 
0 -3 5 
0 -2 1 
0 -2 2 
0 -2 3 
0 -2 4 
0 -2 5 
0 -2 6 
0 -1 1 
0 -1 2 
0 -1 3 
0 -1 4 
0 -1 5 
0 -1 6 
0 0 1 
0 0 2 
0 0 3 
0 0 4 
0 0 5 
0 0 7 
0 1 1 
0 2 
0 4 
0 1 5 
0 1 6 
0 2 1 
0 2 2 
0 2 3 
0 2 4 
0 2 5 
0 2 7 
0 3 1 
0 3 2 
0 3 3 
0 3 4 
0 3 5 
0 3 6 
0 3 7 
0 4 1 
Fo Fo 
17,1 15.5 
6.7 -5.5 
8,9 -8,7 
4.1 3.8 
5,7 -5.2 
5,5 6.2 
5,3 5,9 
13,6 12.0 
12.9 12.6 
12,4 12.1 
6,0 5.2 
12.9 12.2 
11.1 10.5 
4,0 4.a 
a.o 8.3 
5,9 5.7 
5,2 5.6 
9.a 9.6 
8,6 9,0 
6.0 6,1 
4,3 4,6 
8,3 9,5 
6.1 5.8 
9.a 10.8 
10,0 9,2 
9.9 a,9 
5.1 4.6 
9,3 7,5 
16,4 15.7 
9,7 7.7 
16.5 15.9 
4,3 3.7 
12,8 10.0 
13.9 12.8 
3.5 3.1 
28,6 27.2 
n.a 10.5 
6.1 5,8 
7.4 6,3 
15,2 11.9 
29.1 28,7 
12,2 11,2 
2,7 2.6 
8,4 7,7 
4,9 5.0 
20.5 -18,1 
22,0 20.6 
2a.6 28,7 
6.0 6.4 
2.2 2.5 
5,8 6,3 
27.1 30.7 
6,0 -5.0 
22,9 24.4 
12,6 13,0 
5,a -6.0 
2.4 2,6 
44.4 53.0 
12,8 -11.9 
19,5 21,0 
3,6 4.2 
6,0 -5.2 
25,3 28.2 
16.8 18,6 
11.7 -11.5 
6.8 7,5 
12,9 14.5 
1,6 -1.7 
15,7 14.1 
30,4 34,3 
13.0 14.5 
3,6 -3,4 
4.9 4.7 
2,6 2,4 
3,8 -4.1 
6,4 6,0 
h k 1 
0 4 2 
0 4 3 
0 4 4 
0 4 5 
0 5 1 
0 5 2 
0 5 4 
0 6 1 
0 6 2 
0 6 4 
0 6 5 
0 6 6 
0 7 1 
0 7 2 
0 7 5 
0 8 2 
0 8 4 
1 -8 -3 
1 -a -1 
1 -8 1 
-7 -4 
-7 -3 
-7 -2 
-7 -1 
-7 2 
-6 -3 
-6 -2 
-6 1 
-6 3 
1 -5 -4 
1 -5 -3 
-5 -1 
-5 1 
1 -5 2 
1 -5 3 
1 -5 4 
1 -4 -4 
1 -4 -3 
1 -4 -2 
1 -4 -1 
1 -4 1 
1 -4 2 
1 -4 4 
1 -4 5 
1 -3 -4 
1 -3 -3 
1 -3 -2 
1 -3 -1 
1 -3 1 
1 -3 2 
1 -3 3 
1 -3 5 
1 -2 -3 
1 -2 -2 
1 -2 -1 
1 -2 1 
1 -2 2 
1 -2 3 
1 -2 5 
1 -2 6 
1 -1 -2 
1 -1 1 
1 -1 2 
1 -1 3 
1 -1 4 
1 -1 5 
1 -1 6 
0 -2 
1 0 -1 
1 0 1 
1 0 2 
0 3 
1 0 4 
1 0 5 
1 0 6 
1 1 -3 
Fo Fo 
3,2 3,1 
15.2 16,3 
3,3 3.4 
3,6 -3,8 
13.2 12.7 
6.1 -5.8 
5,9 6.5 
15.4 15.7 
8,5 8.2 
3,a 3,7 
4,6 4.5 
2,5 -2,6 
8,5 7,1 
10,4 9.a 
2,8 2,4 
4,7 4,8 
4.2 -4,0 
4.5 -s.o 
2,5 -2.3 
2,7 3.5 
4,8 -3,7 
10,4 -8.2 
4,2 -3.1 
6,9 5.5 
3,3 7.7 
2,1 1.7 
9,3 -7.9 
4.4 -3,6 
7.2 7.9 
10.3 -8,3 
5,6 4.8 
10.2 -11,6 
9.0 10.7 
4,3 -3.6 
3.6 3.0 
8,4 9.9 
14.3 -16,4 
6,9 -7,1 
7,6 7.5 
10.0 -9.6 
21,7 24.8 
13,6 16,3 
8,2 9.0 
a.4 9,7 
8,0 -7.6 
6.3 -6.0 
16,6 16,7 
24,8 22,7 
2.8 3.2 
23.4 26,5 
5,1 5,3 
8.9 9.9 
9,6 -8,9 
10.0 8.7 
35,3 34,8 
12,9 -13.1 
12,0 15,0 
16,1 19,1 
2,4 1.4 
8,6 9.8 
19,3 -20.2 
9,0 8,0 
8,8 8,8 
24,0 27.3 
16.5 18.2 
2,3 2,3 
5.4 5.7 
5,4 6,0 
17,3 14,2 
26.3 26,0 
14,6 12,1 
10.9 9.7 
19,4 19.4 
8,6 9,6 
1,8 1,6 
4.7 3,6 
h k 1 
1 1 -2 
1 -1 
1 1 
1 2 
1 3 
1 4 
1 5 
1 1 6 
1 2 -3 
1 2 -2 
1 2 -1 
2 1 
1 2 2 
1 2 3 
1 2 4 
1 2 5 
1 2 6 
1 2 7 
1 3 -4 
1 3 -3 
1 3 -2 
1 3 -1 
1 3 1 
1 3 2 
1 3 3 
1 3 4 
1 3 5 
1 3 6 
1 3 7 
1 4 -4 
1 4 -3 
1 4 -2 
1 4 -1 
1 4 1 
1 4 2 
1 4 3 
1 4 4 
1 5 -3 
1 5 -2 
1 5 -1 
1 5 1 
1 5 2 
1 5 3 
1 5 4 
1 5 5 
6 -3 
6 -2 
6 -1 
1 6 1 
1 6 2 
1 6 4 
1 6 5 
1 6 6 
1 7 -2 
1 7 -1 
7 1 
7 2 
1 7 3 
1 7 4 
1 7 5 
1 8 -1 
8 1 
1 8 2 
1 8 3 
1 8 4 
2 -8 -4 
2 -8 -3 
2 -8 -2 
2 -a -1 
2 -7 -5 
2 -7 -4 
2 -7 -3 
2 -7 -2 
2 -7 -1 
2 -7 1 
2 -6 -6 
Fo 
29,4 
25.3 
30,0 
28.3 
7.5 
4.9 
8.9 
2.8 
10,9 
19,2 
24,6 
2.8 
22,7 
18,0 
6.1 
7.0 
9.6 
2.2 
12,9 
5.9 
7.1 
31,1 
6.0 
13,7 
19,0 
9.8 
3.6 
8.0 
4.9 
7.2 
12.7 
8.4 
9.7 
16.5 
7.6 
17,8 
12,8 
16,0 
13.0 
3.3 
18.7 
1.7 
4.5 
11,5 
5.0 
1.8 
14,7 
6.6 
11,8 
9.1 
5.4 
7.2 
2.1 
2.4 
11.1 
5.7 
13,2 
9.5 
3.7 
4.5 
5.8 
3.5 
3.4 
6.0 
2.8 
3.0 
8.0 
8.1 
4.6 
7.4 
4.3 
10.4 
11,1 
2.7 
5.7 
s.3 
Fo 
26,5 
20.9 
32,3 
29.1 
5.9 
3.8 
9.0 
3.3 
-10.2 
14.7 
21.7 
-2,5 
24.0 
19.8 
6.3 
8.5 
9.4 
3.0 
11,4 
-5,1 
-6.0 
29.8 
-4,7 
14.2 
22,9 
10.6 
4.1 
7.4 
5.5 
••• 9.6 
-8,0 
8.9 
15,7 
6.9 
19,7 
14,3 
13,8 
10.1 
-2,9 
19.8 
1.2 
4.8 
13.1 
5.7 
2.0 
12.9 
6.3 
13.5 
10.3 
5.8 
7.S 
2.4 
2.4 
10.2 
4.9 
13.6 
8.9 
3.6 
4.8 
6.6 
3.4 
3.6 
7.5 
3.6 
-3,7 
-8.7 
-7,5 
-3.4 
-6.8 
-3,5 
-8.9 
-11.2 
-2,5 
-5,9 
-5.5 
h k 1 
2 -6 -5 
2 -6 -4 
2 -6 -3 
2 -6 -2 
2 -6 -1 
2 -6 0 
2 -6 2 
2 -5 -7 
2 -5-5 
2 -5 -4 
2 -5 -3 
2 -5 -2 
2 -5 -1 
2 -5 2 
2 -5 3 
2 -4 -7 
2 -4 -6 
2 -4 -5 
2 -4 -4 
2 -4 -3 
2 -4 -1 
2 -4 1 
2 -4 2 
2 -4 3 
2 -3 -7 
2 -3 -6 
2 -3 -5 
2 -3 -4 
2 -3 -3 
2 -3 -2 
2 -3 -1 
2 -3 1 
2 -3 2 
2 -3 3 
2 -2 -7 
2 -2 -6 
2 -2 -5 
2 -2 -4 
2 -2 -3 
2 -2 -2 
2 -2 -1 
2 -2 1 
2 -2 2 
2 -2 3 
2 -1 -7 
2 -1 -5 
2 -1 -4 
2 -1 -3 
2 -1 -2 
2 -1 -1 
2 -1 1 
2 -1 2 
2 0 -7 
2 0 -5 
2 0 -4 
2 0 -3 
2 0 -2 
2 0 -1 
2 0 1 
2 1 -7 
2 1 -6 
2 1 -4 
2 1 -3 
2 1 -2 
2 1 -1 
2 1 1 
2 2 -6 
2 2 -5 
2 2 -3 
2 2 -2 
2 2 -1 
2 2 1 
2 2 2 
2 3 -6 
2 3 -5 
2 3 -3 
Fo Fo 
10.8 -10.8 
4.7 -4.2 
3.5 -3.6 
12,4 -13.9 
8,8 -9.7 
4.0 2.9 
6.0 -6.9 
2,8 -3.2 
7.8 -8.0 
7,9 -9.7 
1,2 1.1 
6.4 -6.9 
17.4 -19,8 
6,7 -5,9 
5,4 -5.8 
4.9 -5.5 
6,2 -5,5 
5,5 -5.5 
15,5 -18.1 
13,4 -16,1 
13,5 -13.1 
3,1 2.8 
5,6 5,1 
4,2 -3,2 
4,2 -4.1 
12,5 -11,7 
8,4 -7.4 
6.3 -6.2 
24.1 -25,7 
15.0 -16.8 
2,a 2,7 
2.7 -3.0 
13,1 11,2 
8.3 7.6 
2.0 -2.0 
11,1 -9.7 
15,8 -15.7 
4.7 3,8 
5,1 4,8 
21,4 -24,4 
1.4 -1.7 
16.2 -15.2 
11,8 -9.7 
6,6 6.5 
1,4 -1.3 
15,7 -16.6 
17,7 -17,8 
9,3 8.5 
12.1 -12.7 
35,3 -42,3 
19,4 16.6 
13,7 -13.3 
6.0 -5,6 
5.5 -5,3 
23,0 -25,0 
13,1 -11.9 
10.0 9.7 
39.1 -43,8 
35,3 36.4 
6,8 -8.1 
7.5 -7,8 
11,3 -11.7 
19,0 -20.3 
13,2 14.1 
22,8 28,0 
0,9 0.8 
8,2 -7.8 
3,9 -3.6 
12,7 -12,8 
12,1 -13,2 
16,5 19.8 
15.7 -15,6 
14.7 13.9 
3,9 -3.4 
8,3 -6,8 
0,9 0,8 
4-5 
TABLE 4. (continued) 
h k 1 Fo Fe h k 1 Fo Fe h k 1 Fo Fe h k 1 Fo Fe h k 1 Fo Fe 
2 3 -2 12,5 -13,8 3 -2 2 21.7 -18.4 4 -5 -1 3,4 2,7 4 6 0 1,9 1,2 5 5 -1 6.1 -6,0 
2 3 -1 11.0 -11.3 3 -1 -7 3.6 -3.3 4 -5 1 9,4 -9,3 4 6 1 4.2 -3,5 5 5 1 12.1 -12.3 
2 3 1 2,1 -1,9 3 -1 -5 10.8 -8.8 4 -5 2 3,2 -2.5 4 6 2 9,9 -9.8 5 5 2 10.9 -10,1 
2 3 2 5.1 -4.7 3 -1 -4 15,4 -11,9 4 -4 -7 3,5 4,0 4 6 3 3,8 -3,9 5 6 -3 2.2 2,7 
2 3 3 18,6 17.5 3 -1 -3 1,3 -0,9 4 -4 -5 3,0 3,1 4 7·-2 3.5 -4.1 5 6 -2 4,0 -3.8 
2 4 -5 7,5 -7.6 3 -1 -2 4,9 -4.6 4 -4 -4 6,6 6.4 4 7 -1 9,3 -10,8 5 6 -1 8.8 -9.6 
2 4 -4 9,6 -9.6 3 -1 -1 22.8 -26,4 4 -4 -3 8,0 -7,4 4 7 2 5,5 -5,9 5 6 0 2,0 -1,5 
2 4 -3 0,8 1,0 3 -1 1 9,9 -9.0 4 -4 -2 13,3 -12,6 5-7 -5 4,7 5.3 5 6 1 3.6 -3.0 
2 4 -2· 2,3 2.4 3 -1 2 19,2 -14,6 4 -4 -1 3,5 -2,8 5 -7 -4 2,3 2,9 5 6 2 9,4 -10.1 
2 4 -1 7,9 -6,7 3 0 -7 5,1 -4.5 4 -4 1 16.1 -17,6 5 -7 -3 3,5 4.3 5 7 -1 3,7 -4.5 
2 4 1 19.8 17,8 3 0 -6 4,4 -3,2 4 -4 2 7,7 -8~8 5 -7 -2 5,2 6,4 5 7 1 1,5 -1.7 
2 4 2 6,1 5,4 3 0 -5 2,5 -2.3 4 -3 -7 4,1 3,7 5-6-6. 2,9 3,3 6 -7 -4 4.8 5,5 
2 4 3 3,9 3,1 3 0 -4 18,3 -18.1 4 -3 -6 4,0 3.2 s -a -s 4.6 5,8 6 -7 -3 3.3 4.1 
2 5 -4 8.1 -8.2 3 0 -3 21,2 -23.9 4 -3 -5 6,2 -5,4 5 -6 -4 4,4. 5.3 6 -7 -2 5,9 6,9 
2 5 -3 5,7 -4,8 3 0 -2 13,1 -14.2 4 -3 -4 1,4 -1.0 5 -6 -1 3,3 3.7 6 -7 -1 6,0 7.0 
2 5 -2 7.6 7,0 3 1 -7 2,3 -2.7 4 -3 -3 2.4 2,3 5 -6 0 3,7 -2.7 6 -6 -5 5,0 5.7 
2 5 -1 4.1 4,1 3 1 -6 9,8 -10,7 4 -3 -2 15,3 -15.4 s -s -s 2,4 2,1 6 -6 -4 7,3 7.8 
2 5 0 2,4 -2.0 3 1 -5 4.5 -4,5 4 -3 -1 18,6 -17.2 5 -5 -4 8,5 9,2 6 -6 -2 4,0 3.2 
2 5 1 13,0 11,3 3 1 -4 4.2 -3,8 4 -3 1 15,6 -14,3 5 -5 -3 6,9 6.5 6 -6 -1 7,7 8.4 
2 5 2 18.9 17,3 3 1 -3 19.2 -23.2 4 -3 2 13.6 -15,7 5 -5 -1 4.7 4.9 6 -5 -6 2.2 2.2 
2 5 3 6,1 4,8 3 1 -2 19,7 -22.5 4 -2 -6 5,4 4,2 5 -5 0 5,7 5,0 6 -5 -4 9,1 9.2 
2 6 -3 6.4 -~.6 3 -1 8.1 -10,7 4 -2 -5 3.5 -3,1 5 -5 1 6,4 -5.4 6 -5 -3 7.9 7,1 
2 8 -2 3.0 2.8 3 1 1 12,3 -15,3 4 -2 -4 18.0 -17.7 5 -4 -7 4,8 5.6 6 -~ -1 5,9 5.6 
2 6 -1 10.1 9.0 3 2 -6 7,5 -8.7 4 -2 -3 3.7 -4,2 5 -4 -6 4,3 5,1 6 -5 1 4.1 3,6 
2 6 0 1,4 -1.2 3 2 -5 12,7 -14,9 4 -2 -1 20.8 -19,3 5 -4 -4 6,6 5.8 6 -4 -6 5,5 5,1 
2 6 1 4.1 -3,7 3 2 -3 3,8 -2,9 4 -2 1 2.1 1,3 5 -4 -3 13.2 12,9 6 -4 -5 2.9 2.4 
2 6 2 10,9 8,7 3 2 -2 17,3 -20,8 4 -2 2 10,7 -10.2 5 -4 -1 4,5 -3,9 6 -4 -4 6.9 6.8 
2 6 3 11,3 9.5 3 2 -1 7.1 -6.8 4 -1 -7 3.7 -3.5 5 -4 2 10,5 -10.5 6 -4 -3 14,0 15.5 
2 7 -2 4.8 -4.4 3 2 1 9.6 -9.8 4 -1 -5 9.7 9.4 5 -3 -7 5,1 5.9 6 -4 -2 10.4 9.5 
2 7 -1 6,5 6.0 3 2 2 15,4 -15,9 4 -1 -4 9,2 -6.3 5 -3 -6 9,2 10.3 6 -4 -1 4.6 4.0 
2 7 2 3.5 3.4 3 3 -5 10,3 -11,7 4 -1 -3 18,0 -17,4 5 -3 -5 5,6 5.2 6 -4 1 6,0 6.6 
2 7 3 11.7 10.2 3 3 -4 10.1 -11.3 4 -1 -2 5.5 4.7 5 -3 -3 10,9 8,9 6 -3 -6 6,7 8,7 
2 8 1 5,7 5.4 3 3 -3 3,4 3.7 4 -1 -1 5.3 -6,3 5 -3 -2 5.4 5.4 6 -3 -5 11,5 9,7 
2 8 2 4.0 3.0 3 3 -2 11,1 -13.1 4 -1 1 15,4 -14,1 5 -3 -1 13,7 -13,2 6 -3 -4 4.6 3.8 
3 -8 -3 6,0 -6.1 3 3 -1 22,2 -27.4 4 -1 2 2.2 -2.8 5 -3 1 2,9 3.3 6 -3 -a 8.3 8.2 
3:-:-8 -2 7.6 -7.9 3 3 4,2- 3.7 4 0 -6 6,3 -5,6 5 -3 2 5,9 -5.9 6 "<"3 -2 14,7 14.5 
a -a -1 2.2 -2.4 3 3 2 10,8 -10.8 4 0 -5 3.5 3,4 5 -2 -6 7.:.; 6,8 6 -3 -1 6,0 5,0 
3 -7 -~ 3.8 -3.9 3 3 3 7,2 -5.9 4 0 -4 6.9 6,4 5 -2 -5 8.3 5.9 6 -3 1 6.8 6.7 
3 -7 -4 3,7 -3.7 3 4 -5 2.7 -2.5 4 0 -3 22.2 -19,7 5-2 -4 3,8 -2.8 6 -2 -7 3.2 3,7 
3 -7 -3 3.7 -3.3 3 4 -4 14,7 -15,6 4 0 -2 15,6 -1~.8 5 -2 -2 10.7 10.8 6 -2 -6 4,1 2.8 
3 -7 -2 11.2 -10.9 3 4 -3 7,0 -6.4 4 1 -6 4,1 -3,9 5 -2 1 3,2 -3.6 6 -2 -5 14,1 11,7 
3 -7 -1 12.1 -10,3 3 4 -2 2,1 2.2 4 1 -5 8,3 -7.9 5 -2 2 2,8 1,8 6 -2 -4 13,1 11,7 
3 -7 0 4.0 -3,3 3 4 -1 18.6 -21,4 4 1 -4 2.0 0.7 5 -1.-5 8,1 7.4 6 -2 -2 7.3 5,9 
3 -7 1 7.1 -6.7 3 4 1 5,0 4,3 4 1 -3 8,5 -9.8 5 -1 -4 2,8 1.4 6 -2 -1 9,8 9,7 
3 -6 -6 2.0 -1,7 3 4 2 2.4 1.7 4 1 -2 31,4 -36,4 5 -1 -3 6,9 -6.2 6 -1 -4 HI,S 14,4 
3 -6 -5 5,5 -4.5 3 4 3 6,5 -5.o 4 1 -1 12.7 -14.7 5 -1 -2 3,0 2.4 6 -1 -3 10.5 9,3 
3 -6 -4 11,1 -10,4 3 5 -4 6,3 -7.8 4 1 1 17,6 -21,9 5 -1 -1 8.1 9,1 6 -1 -1 11,3 13,4 
3 -6 -3 5,5 -5,2 3 5 -3 15,1 -14.8 4 2 -5 9,1 -8.3 5 -1 1 9,3 -9.6 6 -1 1 2.1 -2,0 
3 -6 -2 2.2 -2,2 3 5 -1 3.2 2,9 4 2 -4 6,9 -6,5 5 0 -7 4.2 4,8 6 0 -6 6.7 6,4 
3 -6 -1 11,5 -11.1 3 5 1 1,3 -1,5 4 2 -3 2.8 2.5 5 0 -5 6,4 5,4 6 0 -4 9,6 7.4 
3 -6 2 8,0 -7.0 3 5 2 10.7 9.3 4 2 -2 11.8 -13,7 5 0 -4 16,3 12,1 6 0 -3 19,1 19,0 
3 -5-7 2.5 -2.7 3 6 -3 6,7 -7,1 4 2 -1 23,9 -27,5 5 0 -3 2,9 2,8 6 1 -6 8,2 9,6 
3 -5 -4 6,9 -7.0 3 6 -2 9,4 -9,0 4 2 0 2.2 -2,3 5 -6 4.5 5,4 6 1 -5 5,3 6.5 
3 -5 -3 13.7 -14.7 3 6 -1 3,7 2.8 4 2 1 4.0 -3,3 5 -5 3.5 -2.7 6 1 -3 11,7 14,5 
3 -5 -2 4.2 -3.6 3 6 1 9,7 -7.8 4 2 2 19.7 -22,2 5 1 -4 2.8 2.0 6 1 -2 12,5 14,9 
3 -5 -1 6.8 -6,1 3 6 2 3,3 2.9 4 3 -6 1,0 0,7 5 1 -3 7.4 6.9 6 1 -1 6.8 -8.3 
3 -5 1 8,4 -8.0 3 6 3 6,0 5.4 4 3 -5 2,6 -2.4 5 1 -2 4.9 -5,3 6 1 1 7.5 7,5 
3 -4 -7 2.5 -2.4 3 7 -2 5.7 -6,6 4 3 -4 9.2 -9,5 5 1 -1 8,9 -10.4 6 2 -5 7.2 7.5 
3 -4 -6 6.0 -5,2 3 7 -1 6.7 -5,9 4 3 -3 3,7 -4.2 5 1 1 7,7 -8,8 6 2 -2 10.8 12,4 
3 -4 -3 15,3 -17,8 3 7 1 4.2 -3,4 4 3 -2 1.7 1.7 5 2 -6 6,1 7,2 6 2 -1 5.7 5,8 
3 -4 -2 16,7 -18.4 3 7 2 5.3 -4.4 4 3 -1 13,1 -13,8 5 2 -4 8,4 -9.9 6 3 -5 5,3 5.4 
3 -4 -1 4.0 -3,1 3 7 3 3,2 3.4 4 3 1 3,5 -3,6 5 2 -2 1,9 1.3 6 3 -4 6.7 5.9 
3 -4 1 27.5 -25,9 3 8 0 1,7 -1.5 4 3 2 11,3 -11,5 ' 5 2 -1 10.6 -12,9 6 3 -1 9,7 9,5 
3 -4 2 5,3 -4.8 3 8 1 3,3 4.1 4 4 -5 1.8 1,9 5 2 2 4.9 -3,8 6 3 1 5,3 -4.8 
3 -3 -6 10,7 -9,3 4 -8 -3 2.7 3,0 4 4 -4 5,0 -5,1 5 3 -5 6.5 8,4 6 3 2 4.0 3.4 
3 -3 -5 12.3 -10.8 4 -8 -1 2,5 -2.9 4 4 -3 12.6 -13,8 5 3 -4 2,7 -2.4 6 4 -4 6,6 8,0 
3 -3 -4 5,3 -5.5 4 -7 -4 1,4 -1.6 4 4 -2 7,8 -9.2 5 3 -3 6,6 -7.2 6 4 -3 6,0 7.2 
3 -3 -3 17.5 -15.9 4 -7 -2 2.1 -2.1 4 4 -1 6,3 -7,5 5 3 -2 7,0 7.4 6 4 -1 2.0 2.1 
3 -3 -2 26,0 -29.8 4 -7 -1 8,9 -8,4 4 4 1 12.5 -14,4 5 3 1 12,1 -10,8 6 4 1 5,5 -5.5 
3 -3 -1 12.2 -10.3 4 -6 -6 3,6 4.1 4 4 2 3.1 -2.2 5 3 2 4.4 -3.8 6 4 2 7.9 -7.7 
3 -3 1 17,2 -15.7 4 -6 -~ 2.3 2.1 4 4 3 7,5 -6,1 5 4 -5 3,5 4.1 6 5 -3 6,0 6,1 
3 -3 2 15,7 -14,8 4 -6 -4 5,5 -5,2 4 5 -3 9,4 -9,1 5 4 -4 5,3 5,9 6 5 -1 5,1 -4.1 
3 -3 3 4.8 4.6 4 -6 -2 2.8 2.6 4 5-2 13,0 -13,6 5 4 -3 7,5 -8.8 6 5 2 5,8 -5,9 
3 -2 -6 6.6 -~.3 4 -6 -1 7,6 -6,4 4 5 -1 5.9 -5.5 5 4 -2 6,6 -5.7 6 6 -2 3,1 3.6 
3 -2 -5 14.7 -12.9 4 -6 1 4,5. -3.2 4 5 1 16,5 -14,2 5 4 -1 6,8 6,2 6 6 -1 2.8 -2,8 
3 -2 -4 8.1 -6.3 4 -5 -5 4.8 4.5 4 5 2 8.4 -7,6 5 4 1 18,3 -18,0 
3 -2 -3 6.7 -5.0 4 -5 -4 2.4 -2.1 4 6 -3 1.7 -1,3 5 4 2 9.0 -7.7 
3 -2 -2 21,6 -23,9 4 -5 -3 7.4 -7.6 4 6 -2 9,5 -10,0 5 5 -4 3,4 3,8 
3 -2 -1 23.9 -27,5 4 -5 -2 3.3 2.8 4 6 -1 7,9 -7,4 5 5 -2 12,5 -14.2 
TABLE 5. Agreement analysis. 
Fobs number of R sin8 number of R planes planes 
0-3 84 15.6% 0.10-0.15 3 8. 9% 
3-6 197 12.9 0.15-0.20 5 9.9 
6-9 175 11.3 0.20-0.25 12 9.7 
9-12 107 10.2 0.25-0.30 12 9.6 
12-15 75 10.5 0.30-0.35 25 9. 1 
15-18 47 10.0 0.35-0.40 16 9.4 
18-21 34 8.9 0.40-0.45 36 8.2 
21-24 18 9.5 0.45-0.50 39 10.9 
24-27 13 8.9 0.50-0.55 46 9.6 
27-30 8 6.7 0.55-0.60 59 10.3 
30-33 6 8. 7 0.60-0.65 58 11.5 
33-36 5 8.7 0.65-0.70 71 12.1 
36-39 0 0.70-0.75 67 12.3 
39-42 1 10.6 0. 75-0. 80 58 11.0 
42-45 0 0.80-0.85 69 10.9 
45-48 1 17.3 0.85-0.90 64 11.0 
0.90-0.95 80 10.4 
0. 95-1.00 51 11.7 
given in Table 1. The standard deviations of the P - P bond, and of 
the angles involving the P - P bond, were calculated differently from the 
other standard deviations, to allov1 for the centre of symmetry between 
the two· phosphorus atoms (Cruicksha.nk and Robertson, 1953), in the marmer 
described in Section II. 
Bond lengths and bond angles, together with their standard 
deviations, are given in Tables 6 and 7. 
17. Dincussion. 
A representation of one molecule is shown in Figure 8, and the 
packing of molecules in the unit cell in the [o ,0, 1] projection is shown 
in Figure 9. lzydrogen atoms have been omitted from these diagrams. 
The structure is centrosymmetric about the mid-point between 
the t\vo phosphorus atoms, which are separated by 2. 21 ~. This distance 
is in close agreement >7ith the values of 2.22 Jl. in tetraethyl diphosphine 
disulphide (Dutta and Woolfson, 1961)', and 2.21 R in 1 ,2-dimethyl-
4-7 
1 ,2-diphenyl diphosphine disulphide (Uheatley, 1960). The Pauling (1960) 
single bond radius for phosphorus is 1 .10 ll., ·which suggests a normal P - P 
distance of 2.20 ll.. 
The two sulphur atoms in one molecule are trans to each other, 
and the P - S bonds are shortened by back bonding from a full sulphur p 
orbital to an empty phosphorus d orbital. The observed bond length of 
1. 95 R compares with the values of 1. 94 R in tctraethyl diphosphine 
disulphide, and 1 • 98 Jl. in 1 , 2-dimethyl-1 , 2-diphenyl diphosphine 
disulphide. The sum of Pauling's (1960) double bond radii for phosphorus 
and sulphur is 1. 94- JL but when this is corrected for the electro-
negativity difference (Schomaker and Stevenson, 194-1; see also Section 
II), a bond length of 1. 92 R is obtained. 
The bond angles S- P- C(1), S- P- C(4) and S- P·- P' of 
0 6 0 0 118.7 , 11 .5 and 111.1 respectively are all greater than tetrahedral 
because of the large size of the sulphur atom and its closeness to the 
T.ABLE 6. Bond lengths and their standard deviations 
Bond Distance o-~ 
/ 2,21 ~ 0,004~ P-P 
S-P 1.9.5 0.002 
'p - c (1) 1,82 0,007 
p-c (4) 1,82 0,007 
C(l) - C(2) 1 • .52 0,011 
C(3) - C(4) 1..51 0,010 
c(2)- c(3) ;1. • .52 0,01.5 
TABLE 7, Bond angles and their standard deviations 
Angle c-' 
S - P - C(l) 118,7° 0.3° 
S - P - C(4) 116 • .5 0.3 
I S-P-P 111.1 0,1 
I 
C(l) - P - P 10.5 • .5 0,1 
C(4) - P - p' 107.0 0.1 
C(l) - P - C(4) 96.6 0,3. 
P- C(l) - C(2) 104.6 o.; 
P - C(4) - C(3) 10.5.1 0,6 
C(l)- C(2)- C(3) 108 • .5 o.8 
C(2)- C(3)- C(4) 108,8 0.7 
FIGURE 8. A view of' the mo:teeu!e 
FIGURE: 9. Packing of' the molecules in one unit oell. 
as seen down [o ,0, 1) 
So 
1--------------------+-..;. b' sina 
a siniJ 
1 .l1. 
phosphorus atom. Consequently the other three angles round the 
• 
phosphorus atom are all less than the tetrahedral value. 
The bond lengths and angles in the rine show a regular 
arrangement. The P-C distances, both of 1.82 R, are close to tho 
values of 1.82 R in 1,2-dimethyl-1,2-diphenyl diphosphine disulphide and 
of 1. 82 R and 1. Sir R in tetraethyl diphosphine disulphide. The sum of 
the Pauling (1960) single bond radii for phosphorus and carbon is 
1. 872 X, IThich when corrected for the difference in electronegati vity 
(Schomaker and Stevenson, 1941) gives.a bond length of 1.84 ~. The ring 
system is saturated anit consequently puckereit, and. the bond angles round 
the carbon atoms are slightly less than the usual tetrahedral value. 
The inclusion of phosphorus in a heterocyclic ring causes considerable 
distortion of the tetrahedral environment round the phosphorus, and the 
bond angle C(1) - P- C(4) is 96.6°, It is surprising that this has no 
observable effect on the bond order of the P - P and P - S bonds. 
A large number of intermolecular contac·ts occur in the range 
3.85 - 1,.00 ~. but. there are no intermolecular contacts belov; 3.85 1\. 
except those involving hydrogen atoms. The van der Waals radius of an 
5'"1 
a~om is defined as one half of the equilibrium distance betiTeen non-bonded 
atoms of the same type. Pauling (1960) quotes the equilibrium distance 
for non-bonded H ••• H contacts as 2.1+0 R, so the van der Yfaals radius for 
hydrogen may be taken as 1.20 1\.. The van der Waals radius of sulphur 
is given by Pauling as 1.85 1\., but an alternative value of 1. 72 or 1. 73 R 
has been suggested (Fava Gasparri, lfardclli and Villa (1967); Nardelli, 
Fava Gasparri, Giraldi Battistina and Domiano (1966); ... Zdanov and 
Zvonkova (1950); van der Helm, Lessor and l.!erritt (1960); Lee and Bryant 
(1969 (a) ancl (b))). Thus the minimum non-bonded. S ••• H distance is 1. 20 
+ 1.85 = 3.05 R using Pauling's value for sulphur, or approximately 1.20 
+ 1. 72 = 2.92 R if the other value is accepted. For this structure thoro 
are no intramolecular S ••• H contacts below 3.11 R. There is only one 
·intermolecular S ••• H contact below 3.05 .t that is between H(JJ.) of one 
molecule and S of the molecule in the next unit cell along in the 
z-direotion, with a separation of 2.90 R. If the Pauling value is 
accepted for the van dor Waals radius for sulphur, this S ••• !I distance 
is significantly short. However, the smaller radius for sulphur 
indicates that this is a normal S ••• H contact.· 

SFJ:TION IV 
THE: CRYSTAL AND lf:OL:C:CULAR S'rRUCTURE OF 
BIS(CYCJ,OPc~NrAJJSTHYLENE) DIPHOSPliTN<~ DISULPIITDE 
1 • Introduction 
2. Optical examination of crystals 
3. Crystal density 
1;.. X-ray photography 
5. Space grout) 
6. Cell size and contents 
7; Crystal data 
8. Collection of intensity data 
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1 • Introduction. 
Bis(cyclopentamethylene) diphosphine disulphide may be 
synthesised by reaction of thiophosphoryl chloride with the double 
Grignard reagent from 1,5-dibromopentane (Schmutzler, 1964). The 
structure of this heterocyclic compound was proposed as: 
based on chemical analysis, its conversion to the corresponding 
trifluorophosphorane by antimony trifluoride (Schmutzler, 1961~), 
s 
3 er_ ~8 + 6SbF3 ---7 6 cPF3 + 2Sb + 2Sb2s3 
s 
and on vibrational spectroscopic data (Cowley ancll'lhite, 1966). 
An investigation of the crystal structure of bis(cyclopenta-
methylene) . diphosphine disulphide was undertaken to confirm these 
conclusions, and to see if there is any structural explanation such as 
disorder or cis-trans isomerism vrhich would account for the laree mel tint; 
range of 185- 225°C observed by Schmutzler (1964), even after repeated 
.recrystallisation. 
2. Optical examination of crystals. 
A sample of the compound was kindly provided by Prof. R. · 
Schmutzler (Technical University, Braunschweig; Germany). 
Recrystallisation from chloroform gave crystals suitable for X-ray 
analysis, in the form of colourless rectangular plates, stable to air 
and water. Examination of single crystals under the polarising 
microscope revealed extinction at two positions, neither of which was 
paral·lel to a prominent crystal face, suggesting that the crystal system· 
was triclinic. 
3. Crystal density 
The crystal density was measured by the method of flotation 
in aqueous solutions of potassium iodide. The density of the flotation 
liquid in which the crystals neither sank nor floated was measured by 
means of a V!estphal balance. 
. -3 
The value thus obtained was D = 1. 33 g. cm. 
m 
4• X-ray photogrn.Phy 
A single crystal of approximate dimensions 0.30 mm. x 0.20 mm, 
x 0.05 mm. was mounteil for X-ray photography parallel to its longest face. 
This was arbitrarily taken as the crystallot;raphic c axis. A 180° 
oscillation photocraph and zero and first layer Weissenberc photographs 
did not sh0i7 any symmetry and, when the Weissenberg films were indexed, it 
nas found that both axial rows of the first layer photograph were curved. 
This confirmed. that the crystal system was triclinic. 
A second single crystal of approximate dimensions 0.25 mm. x 
0.25 mm. :x: 0.05 m!!!. was mounted with a as the axis of' oscillation. 
Oscillation and Weissenberg photographs confirmed the above conclusion. 
If the optimum crystal si.ze is taken as 2/ll cm. (Buerger, 1942), 
then for bis(cyclopentamethylene) diphosphine disulphide which has a linear 
-1 
absorption coef'ficient of Jl = 54.5 cm. , 2/ll is 0.37 mm. 
There were no systematically absent reflexions on any of the 
Weissenberg photographs, indicating that the crystal is triclinic and that 
the space group is either P1 (No.1) or P1 (No. 2) (International Tables, 
1965). It is not possible to distinguish betvreen these two space groups 
on the basis of systematic absences. 
6. Cell size and contents. 
The lattice parameters a,c,a*,b*,c*,o:'~ and. Y* were carefully 
measured from high order reflexions on the oscillation and zero layer 
\1eissenberg photographs obtained from both settings. The remaining 
lattice parameters were then measured as describeil in Section II. 
The number of molecules per unit cell was ealculated from the 
equation; • 
z = 
vrhich was defined in Section TII. -3 The measured density of 1.33 g.cm. 
corresponded to 1 molecule per· unit cell, for which the calculated 
density was D = 1.336 g.cm:3 
c 
Crystal data for bis(cyclopentamethylenc) diphosphinc disulphide 
are summarised below. 
7. Crystal data. 
c10Ir20P2s2, !.! = 266.4. 
· Triclinic, a = 9.44 j, b = 6.85 R, c = 6.02 1?., all ± 0.02 R; 
ex= 120°6', ~ = 99°0', Y = 82°21,', all :!: 30'. 
0 ~ 6 ~ U = 331.5 A, Z = 1, D = 1.33 g.cm. , D = 1.33 g.cm. 
m .. c 
-1 F000 = 11.2, ll = 54.5 cm. 
Cu!cx, :>. = 1. 542 i. 
Space group P1 or Pi. 
8. Collection of intensity data. 
Three-dioensional equi-inclination Weissenberg data for the layers 
hkO to hk5, and Ok~, were collected photographically from the same crystals 
as before, using Ilford Industrial G X-ray film. The multiple film 
technique (De Lange, Robertson and l7oodward, 1939) 11as used, and long a.>J.d 
short exposures were given for each layer of data. Relative intensities 
were measured by visual comparison with intensity strips produced from the 
same· crystals. Films from the same layer were correlated by means of 
reflexions common to trro or more films, using the computer proeram 
described in Appendix I on an ICL 1905 computer. In this way the 
intensities of 783 independent observed reflexions were obtained. The 
intcnsities were converted to I Fol using a computer program written by 
Shiono on an IBU 1620 computer (IBl.! library prosram No. 1620/8.04.002). 
No corrections vrere made for absorption or extinction effects. 
9. Pyre-electric test. 
In an attempt to distinguish between the space grouos P1 and PT, 
the pyre-electric test (\'looster, 1949) was used in the manner described in 
Section III. No pyre-electricity was detected in crystals of bis(cyclo-
pentamethylene) diphosphine disulphide. This indicated the presence of 
a centre of symmetry, although the pyre-electric forces may have been too 
small to be detected. 
10. StatinUcal N( z) test. 
The statistical N(z) test (Howolls, Phillips and Rogers, 1950) 
was used to confirm the presence of a centre of symmetry. The intensity 
distribution of the hkO zone was determined by hand calculation using the 
method described in Appendix II. The space sroup PT is centrosymmetric 
in all three axial projections whereas P1 is not, so it should be possible 
to distinguish between the two space groups using tno-dimensional data. 
Unobserved reflcxions in the hkO zone were addeil to the observed data, and 
given a value of IFol = 0. Reflexions havine low sin0/i- values were not 
included in the test, for the theoretical reasons discussed in Appendix IT. 
The suggested lower limit for inclusion of reflexions in statistical tests 
is sin0/i- = 1/s, where s is the shortest unit cell dimension (Wilson, 
1949; H01~ells, Phillips and Rogers, 1950). In this case the shortest 
cell dimension is 6.02 ll., so reflexions for which sinG/:\ was less than 
1/6.02 = 0.166 vrore omitted. The remaining 136 reflexions were divided 
conveniently into four groups of 34, in the following sin0/i- ranges: 
0.17- 0.35; 0.35- 0.47; 0.47- 0.56; 0.56- 0.65. 
The intensity distribution obtained in this way is compared in 
Figure 1 with the theoretical curves for centrosymmetric and non-
centros~"~etric crystals. It is clear that a centre of symmetry is 
present, so the space group is Pi (No. 2) rather than P1 (No.1). 
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THE INTEI~SITY DISTRIBUTION OF THE 'hi<O ZONE COMPARED WITH THE 
THEORETICAL CURVES FOR CENTROSYMMETRIC (1) AND 
NOi~-CEIHROSYMMETRI C (1) 
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11 • Povrder photor;ranh. 
It was noted that two of the unit cell sides of bis(cyclopenta-
methylene) diphosphine disulphide (a = 9.41+ R, b = 6.85 t c = 6.02 R) 
are similar to those recorded in Section III ~or bis(cyclotetramethylene) 
diphosphino disulphide (a = 7.65 R, b = 6.90 R, c = 5.88 R). Both unit 
cells are triclinic, space group P1, and contain one molecule. If the 
two structures are similar, their crystals might be approximately 
isomorphous. 
Strictly isomorphous materials have an identical atomic 
arrangement, and. they exhibit very close similarities in their powder 
diffraction patterns. The d-spacings of the powder lines depend only 
on the atomic arrangement and are almost identical. The relative 
intensities of the powder lines are not identical, since those also 
depend on the types of atom present. The two diphosphine disulphides 
cannot be truly isomorphous because they contain different numbers of 
atoms, but some approximate siwilarities might be expected in the 
d-spacings and intensities of their powder lines. In this case the 
determination of the structure of bis(cyclopcntamethylene) diphosphine 
disulphide would be an easy matter. 
X-ray pm7der photographs of the two compounds were prepared 
using C~a radiation. The reflection angles 0 of the powder lines were 
measured, and converted into d-spacings using the Bragg equation: 
).. 
d = 2sin6 • 
On each film, the intensities of the powder lines were estimated relative 
to the intensity of the strongest line, which was arbitrarily assigned a 
value of 1 00. 
The d-spacings and approximate relative intensities obtained 
from the two diphosphine disulphidcs are listed in Table 1. There are 
no correlations whatsoever between the two diffraction patterns, so it 
TABLE 1. Pm7der diffrc.ction natterns of 
bis( cyclotetramethylonc) dinhosnhinc disulnhide 
and bis( cyclopentamcthylene) dinhosnhine disulnhide 
bis(cyclotetramethylcne) 
dinhosnhine disulnhidc 
d Relative intensit;z 
7.31 1?. l!-3 
6. 61 100 
5.l.9 18 
4.97 24 
4.85 98 
3.95 12 
3. 71 20 
3.68 39 
3.50 18 
3.33 16 
3.28 17 
3.24 10 
3. 21 18 
3.10 9 
2.76 10 
2.24 34 
bis( cyclopent8.methylene) 
diphosnhine disulnhide 
d •Relative intensit;z 
9.26 R 100 
5.95 8 
5.44 10 
5.17 22 
4.68 15 
4.65 33 
3.87 7 
3.85 8 
3.77 7 
3.11 15 
2.33 15 
t;:.o 
... -
uas concluded that the two structures are not even approximately 
isomorphous. 
12. Patterson synthesis of the hk-0 urojection, 
A two-dimensional Patterson synthesis was performed on the 109 
observed hkO reflexions using a crystallographic Fourier proGram written 
in SPS by Mr. G, S, D. King (Union Carbide European Research Ar.sociates, 
Brussels), on an IBM 1620 computer. The electron density expression for 
the space group Pf was used (see Section III.11), with IFol 2 values used 
as coefficients in the Fouricr summations instead of Fo values. The 
resulting Patterson map was very difficult to interpret. 
The values of measured structure amplitudes depend partly on 
the degree of atomic thermal vibration (see Section II), so the peaks on 
Fourier and Patterson maps are modified by this effect. The higher the 
degree of thermal vibration of an atom, the more the corresponding peak 
is smeared out, and the lower the peak maximum appears. This can cause 
difficulty. in the interpretation of a two-dimensional Patterson map 
because for n atoms in the repeating unit there are n(n- 1) peaks, all 
smeared out by the effects of atomic vibration, The.map therefore tends 
to be diffuse and it is difficult to locate peak centres and estimate true 
.peak heights, particularly if peaks overlap. 
In an attempt to produce a more useful map, another Patterson 
synthesis nas performed on the observed h.ltO reflcxions, using I Fol ~ values 
modified ("sharpened") to correspond to a system of point atoms at rest 
(Patterson, 1935). The Patterson sharpening process was carried out on 
an IBM 1620 computer by means of a com0mter program written in SPS by 
J,!r, G •. S, D. King, as follows. First, a Wilson plot (Yiilson, 1942) was 
used to estimate the overall scale and temperature factors by least 
squares solution of the equation: 
log9 [' ~0 1 2 2~ = 
.E1 f. . J= J 
A-
over ten equal intervals of sin26/A2• The term 
N 
.E1 f
2
J. is the J= sum 
scattering factors of all the N atoms in the full unit cell at the 
of the 
appropriate value of e. The constants A and B in the straight line 
relationship are relatea to the overall scale and temperature factors by 
the expressions: 
overall scale factor = exp(-A/2) 
overall temperature factor = B/2. 
The atomic scatterinG factor curves used in the calculation were those of 
Hanson, Herman, Lea and Skillman (1964), but the curves for sulphur and 
phosphorus were modified for the real part of anomalous dispersion 
(Dauben and Templeton, 1955; see also Section II). The IFol 2 values 
were then sharpened to correspond to a system of point atoms at rest 
using the equation: 
where E is the normalised structure factor, The average value of !EI 2 
was calculated, and this was found to be very close to unity, This 
indicated that the Wilson plot had been successful in estimating the 
values of A and B, since by definition the mean value of I El 2 must be 1 .e · ·. · 
for any space group. Any significant deviation of the mean from unity 
would have implied either that there nere insufficient reflexions in each 
sin2G/A2 range for statistics to apply, in which case it would have been 
necessary to repeat the Wilson plot using larger ranges, or that a large 
deviation from the theoretical assumptions of a random distribution of 
atoms of similar atomic weight rendered Wilson's method useless in this 
case. In order to improve the Patterson map still further, the computer 
program was used to make two further modifications to the I El 2 values 
before these were introduced into the Fourier program. Firstly, the 
value of the mean lzl 2 (1.0) v1as subtracted from each I sj 2 value, so that 
approximately half of the coefficients for the Patterson summation 
became negative. This procedure removes the large peak which normally 
occurs at the origin of a Pattcrson map, and which can obscure other peaks 
close to it, without otherwise affecting the map. Secondly, in order to 
reduce diffraction effects due to termination of the series at a finite. 
value of sin0/A, a damping factor of the form: 
sin
1
re [ 8sin2oJ 
.exp -
A4 sin2G 
ma.x 
was applied to each IEI 2 value (Shoemaker, Darieau, Donohue and Lu, 1953). 
This function has a maximum at sin0 = sinO 2 and falls to about /;i' of :1 c1 ma. 
the maxim~~ at sinG • 
max 
The resulting sharpened Patterson map of the hkO projection, 
with the origin peak removed, is shown in Figure 2. This is much better 
than the unsharpened map, and the orientation of the S - P - P - S linkage 
is clearly indicated, No attempt 'was made to locate the carbon atoms, 
but there are several unexplained smaller peaks nhich may be due to these 
lighter atoms, Since the space group is centrosymmetric and the unit 
·cell contains one molecule, the molecule itself must have a centre of 
symmetry at the mid-point between the two phosphorus atoms \7hich coincides 
with the origin of the unit cell. 
13. Refinement of the hkO urojection. 
Fourier, structure factor and block-diagonal least squares 
calculations were carried out on the hkO reflexions using computer 
programs nritten in SPS by !.!r. G. s. D. King (Union Carbide European 
Research Associates, Brussels), on an IBM 1620 computer. The atomic 
scattering factor curves used in the structure factor calculations were 
the same as those used in the Patterson sharpening process, with the 
curves for sulphur and phosphorus modified to allow for the real part of 
,, 
FIGURE 2. Sharpened Patterson map of the hkO projection 
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anomalous dispersion as before. Reflexions too weak to be observed were 
omitted from the structure analysis. 
The expression for the calculation of structure factors for the 
space group Pf is given in International Tables (1965) as: 
A= 2cos2n(hx + ky + tz); B = 0. 
\'/hen this expression is used it is only necessary to calculate structure 
factors over the atoms in one asymmetric unit. An atom with coordinates 
x,y,z is repeated by the centre of symmetry at x,y,z, which in this case 
is the equivalent atom in the other half of the molecule. Thus the 
asymmetric unit is half of one molecule, and comprises one sulphur atom, 
and one heterocyclic ring containing a phosphorus atom and five 
methylene groups. 
An initial structure factor calculation \'/as carried out in 
which sulphur and phosphorus atoms were included in the positions 
indicated by the hkO sharpened Patterson map, with isotropic temperature 
factors arbitrarily assigned the value B = 3.0 R2 for each atom. 
Comparison of the observed and caloulated structure factors gave a 
reliability index R = 33.4%, indicating that the positions of the sulphur 
and phosphorus atoms were appro:l..'"imately correct. 
A heavy atom Fourier calculation was carried out, using the 
observed structure amplitudes as coefficients, but with the siGns of the 
structure factors calculated on the basis of the sulphur and phosphorus 
atoms only. It was assumed that sufficient of these signs were correct 
to give a heavy atom map which would reveal the carbon atoms. The 
positions of four of the five carbon atoms making up the ring were 
located, but the position of the fifth carbon atom was not obvious. 
When the four carbon atoms vTere included in a structure factor 
calculation with isotropic temperature factors of B = 4.0 R2 , a value of 
the reliability index R = 24.51& was obtained. Two cycles cf block-
diagonal least· squares refinement 11ere carried out, usino; unit weights, 
in which the fractional coordinates x/a, y/b and the isotropic temperature 
factor for each atom were .allowed to refine. After each cycle the shifts 
in the atomic parameters were multiplied by a fudge factor of 0. 7 to avoid 
oscillation of the parameters r:hich might have occurred because of the 
block-diagonal a~proximation. This procedure reduced R to 19.1%. 
A difference Fourier was performed to find the position of the 
remaining carbon atom. Difference Fourier maps are more sensitive to 
errors in atomic parameters than ordinary Fourier maps, because the values 
(Fo - Fe) are used as coefficients in the summation rather than Fo values. 
Hence the appearance of the map depends on the value of Fe, as well as on 
its sie;n. If the atomic parameters used to calculate the Fe values are 
correct, then the peaks due to these atoms are eliminated from the map. 
If peaks appear on the map, then either the atomic parameters are incorrect, 
or atoms are missing, or both (Buerger, 1960). Hence, difference maps 
are useful in locating atoms \7hich VTere not included in the calculation 
of the Fe values. They may also be used as a method of refinement of 
atomic parameters (Booth, 19~8; Cochran, 1951 (a) and (b); Buerger, 
1960), although refinement by least squares has largely replaced this 
method. In this case, it VTas expected that one fairly hitsh peak vrould 
appear because the Fe values calculated at R = 19 .15~ did not allow for 
the contribution due to one of the five carbon atoms. The map shovred 
one peak in a position which could be taken sensibly as the missing 
carbon atom. There were no other large peaks, indicating that the 
parameters of the other atoms were reasonably correct. 
The fifth carbon atom was included in a structure factor 
calcu.lation with an isotropic temperature factor of B = 4.0 R2 , and a 
value or the reliability index R = 17. 9'fo was obtained. All the atoms in 
this projection were well-resolved, so block-diagonal least squares 
refinement was continue<i usine unit weights. The parameters x/a, y/b 
and the isotropic temperature factor of each atom were varied, and a 
fudge factor of about 0.8 was applied to the shifts each time. Ai'ter 
four cycles of refinement the reliability index converged at R = 12.6f;. 
A Fourier map based on the atomic parameters at R = 12. 6'f; is shown in 
Figure 3. 
14. Structure analysis of the OkQ. nro,icction 
A Pattorson synthesis \7as performed on the }3 observed Old.-
reflexionn using IFol 2 values sharpened to correspond to a system of 
point atoms at rest. This map indicated positions for the sulphur and 
phosphorus atoms but because of poor resolution, overlapping of peaks, and 
the limited amount of data, the positions of the carbon atoms were not 
obtained directly. However, using the y/b fra~tional coordinates known 
from refinement of the hlcO projection, coupled with bond length and. bond 
angle calculations, sensible, carbon atom positions were deduced which 
were in accord vlith the Patterson map. 
A structure factor calculatfon was performed for this trial 
structure on the observed OkQ, roflexions, using the isotropic temperature 
factors obtained from refinement of the hkO projection. The R factor was 
27. g;;, but no attempt rras made to refine the Ok-t. projection. 
15. Three-dimensional least sauares refinement 
Refinement of the structure was continued on three-dimensional 
data, using the X-ray 63 system of computer programs due to Prof. J. !.!. 
Stewart (University of Maryland), as adapted by Dr. J; C. Baldwin for 
the SRC Atlas computer at Chilton. A modified version of the full-, 
matrix least sg_uares program OR..t'LS (l.!artin, Busing and Levy, Oak Ridge 
National Laboratory) 11as employed for refinement. The atomic scattering 
factors were the same as those used previously, but the curves for sulphur 
and phosphorus \'lore modified for both the real and imaginary parts of 
anomalous dispersion (Dauben and Templeton, 1955; see also Section II). 
A structure factor calculation using the program FC initially 
obtained scale factors from the sums of' IFol and IFcl for each layer of data, 
FIGURE 3· 
Fourier map of the hkO projection at R = 12.6%. 
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and gave a value of the reliability index R = 28.6%. 
Three cycles of least squares refinement were carried out using 
unit weights. The z/c fractional atomic coordinates obtained from the 
Ok.Q.. structure analysis 1vere only very approximate, so not all the 
parameters were allowed to refine simultaneously: only the interlayer 
scale factors were refined throughout. In the first cycle of refinement, 
the positions and isotropic thermal parameters of the sulphur and 
phosphorus atoms were varied; in tho second cycle all the atomic 
parameters were held constant except for the .z/c fractional coordinates 
of the carbon atoms; and in the third cycle z/c and isotropic temperature 
factors of the carbon atoms were allowed to refine. This procedure 
reduced R progressively to 22.~;. Four further cycles of refinement 
usine; unit weights were performed, in which interl:lyer scale factors and 
positional and isotropic thermal parameters for all the atoms were all01ved 
to refine. c' The reliability index converged at R = 17.0;0. A bond length . 
and angle calculation based on the atomic coordinates at this stage showed 
no unusual features. 
An examination of the ae;reement analysis at R = 17.a% indicated 
that a weighting scheme of the type: 
1 
w = -----'------,. 
A+ BIFol + ciFol
2 
(cruickshank, 1965) might usefully be employed, and the constants AJ B and 
C v;ere found by the e;raphical method described in Appendix III. Suitable 
values were A= 0.979, B = 0.04.9 and C = 0.017. 
The sulphur and phosphorus atoms (but not the carbon atoms) were 
allowed to refine anisotropically and, because the largest correlations 
in the least squares matrix occur between anisotropic temperature factors 
and scale factors, refinement of interln.yar scale factors was discontinued. 
The posi tional parameters of all the atoms were varied. After four 
cycles of refinement using this weighting scheme, tha relin.bili ty index 
converged n.t R = 14. 'f)o. A structure factor calculation was carried out 
to obtain new inter layer scale factors from the sums of I Foj and I Fcj , 
• c:t 
and after 'b;ro further cycles of refinement R rcdtlced to 14.11°. 
Now constants for the Cruickshank type of weight equation vrere 
found graphically, and after two cycles of refinement varying the same 
parameters as before, a reliability index R = 13.1% was obtained. 
The positions of the methylene hydrogen atoms vrere calculatod 
usine; the computer proe;rarn BOi'filLA in the X-ray 63 system, as described in 
Section III.15. Each hydrogen atom was placed at a distance of 1.075 R 
from the carbon atom to which it was bonded, and an approximately 
tetrahedral arrangement was assumed. The hyclrogen atoms were included 
in a structure factor calculation, each with an isotropic temperature 
factor of B = 5.0 11.2, and new interlayer scale factors were obtained from 
the sums of jFol and IFcl. Two cycles of least squares refinement were 
carried out in which the positional parameters of the sulphur, phosphorus 
and carbon atoms were varied, and the temperature factors of the sulphur 
and phosphorus atoms were refined anisotropically, as before. The carbon 
atoms were refined isotropically. The scale factors, and the parameters 
of the hydrogen atoms, were not varied. This procedure reduced R 
t.o 11 .7fo. 
Ail examination of the agreement analysis shovred that new 
constants were needed for the Cruickshank type of weight equation, so the 
computer program described in Appendix III was used to obtain these. 
N~a hydrogen positions wero calculated from the improved positions 
of the atoms in the heterocyclic rine. A difference Fourier map 
at R = 11.7.% suggested that the temperature factor of 5.0 R2 previously 
assumed for the hydrogen atoms was too low. It is usual to arbitrarily 
fix the temperature factors of hydrogen atoms about 1.0 to 1.5 ~2 
higher than the carbon atoms to which they are attached, since it is 
reasonable to assume that thermal vibration Ylill be ereater for terminal 
atoms. The mean tomperature factor of the carbon atoms Jms approximately 
5.1 J\.Z, so the hydrogen atoms were subsequently given a value of B = 6.51\.Z. 
Tv10 cycles of least squares r:efincment were performed using the new 
weighting constants, and including hydror,en atoms in the new fixed 
positions. Th<Cl same parameters were varied as before, except that 
the temperature factors of the carbon atoms were allovred to refine 
anisotropically. The reliability index reduced toR= 1o.z;;. 
The constants in the Cruickshank type of weir,ht equation were 
recalculated as A= 1.28, B = -0.30, C = 0.077 by fixing w = 1 at 
IFol = 1.5 and using the computer program described in Appendix III. 
This weight curve is com;oared rri th the points obtained from the 
agreement analysis in Figure 4. Nevr positions for the hydrogen atoms 
were calculated, and tv10 final cycles of refinement were performed, 
varying the same parameters as before. The reliability index converged 
,-, 
at R = 10.11'. 
The positions of the hydrogen atoms were recalculated and 
included in a structure factor calculation to correct the interlayer 
scale factors. This gave the final reliability- index R = 10.1% based 
on the 783 independent observed rei'lexions. The final atomic coordinates 
and their estimated standard deviations are given in Table 2, the 
calculated positions of the hydrogen atoms are shovm in Table 3, and the 
final temperature factors arc shovm in Table 4. The observed and 
(:" 
calculated structure factors at R = 10.11' are listed in Table 5, and an 
agreement analysis is shown in Table 6. 
16. Calculation of bond lensths and anr;les and their standard deviation~!_. 
The computer program BONDLA 17as used to calculate all 
intramolec,ular distances and intermolecular distances Up to 4. oR, 
together with the associated. angles. Standard deviations were also 
calculated for the intramolecular distances and anclcs, from the estimated 
errors in the atomic positions given in Table 2. The standard deviations 
of the P - P bond length and of' the angles involving the P - P bond were 
calcule.ted differently from the other standard deviations, to allow for the 
ll 
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TABLE 2. Final atomic coordinates and their estimated standard 
deviations. 
Atom xfa y/b zfc cr x/a cryfb cr z/c 
s 0.1522 1. 2604 -0.0507 0.0003 0.0004 0.0005 
p 0.1118 0.9943 -0.0373 0.0002 0.0003 0.0004 
C(1) 0.1398 0. 7279 -0.3275 0.0009 0.0013 0.0016 
C(2) 0.3002 0.6812 -0.3541 0. 0010 0.0014 0.0018 
C(3) 0.3843 0.6599 -0.1310 0. OOll 0.0017 0.0023 
C(4) 0.3754 0.8726 0. 1315 0. 0011 0.0018 0.0020 
C(5) 0.2214 0. 9450 0.2068 0.0010 0.0016 0.0018 
TABLE 3. Calculated positions of hydrogen atoms 
Atom Bonded to x/a y/b z/c 
H(1) C(1) 0.0995 0.5945 -0.3146 
H(ll) C(1) 0.0844 0.7370 -0.4927 
H(2) C(2) 0.3167 0.5260 -0.5303 
H(12) C(2) 0. 3393 0.8179 -0.3620 
H(3) C(3) 0.3436 0.5243 -0.1230 
H(13) C(3) 0.4953 0.6195 -0.1670 
H(4) C(4) 0.4396 0.8409 o. 2757 
H(l4) C(4) 0.4177 1. 0082 0.1258 
H(5) C(5) 0.1786 0.8135 0.2197 
H(15) C(5) 0.2216 1. 0977 o. 3905 
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TABLE 4. Final temperature factor parameters 
Atom Bll B22 B33 Bl2 B13 B23 
s 5.16 4.82 6.43 -1.04 1.11 2.74 
p 3.02 4.35 3.98 -0.66 0.49 1.91 
C(1) 3.51 4.99 4.98 -0.85 0.27 2.22 
C(2) 4.00 5.66 5.41 -0.46 0.75 2.27 
C(3) 4.25 6.49 8.33 0.07 1.45 4.03 
C(4) 4.65 8.08 5.21 -0.95 0.40 3.55 
C(5) 4.05 6.86 5.37 -0.78 0.54 3.33 
TABLE 5. Observed and calculated structure factors. 
h k 
0 -8 
0 -7 
0 -4 
0 -3 1 
0 2 1 
0 3 1 
0 4 1 
0 5 1 
0 -7 2 
0 -6 2 
0 -4 2 
0 -2 2 
0 2 2 
0 4 2 
0 5 2 
0 -7 3 
0 -6 3 
0 -4 3 
0 -2 3 
0 0 3 
0 1 3 
0 4 3 
0 -7 4 
0 -4 4 
0 -3 4 
0 -2 4 
0 -1 4 
0 1 4 
0 -7 5 
0 -6 5 
0 -3 5 
0 -2 5 
0 1 5 
0 -7 6 
0 -3 6 
2 0 0 
3 0 0 
4 0 0 
' 0 0 
6 0 0 
7 0 0 
8 0 0 
-11 l 0 
-10 1 0 
-9 1 0 
-8 0 
-7 0 
-6 0 
-5 0 
-4 0 
-3 0 
-2 0 
-1 0. 
0 0 
1 0 
2 1 0 
3 1 0 
6 0 
7 0 
8 0 
9 1 0 
10 1 0 
11 1 0 
-10 2 0 
-9 2 0 
-8 2 0 
-7 2 0 
-6 2 0 
-~ 2 0 
-4 2 0 
-3 2 0 
-2 2 0 
0 2 0 
1 2 0 
2 2 0 
3 2 0 
5 2 0 
6 2 0 
Fo Fe 
2.9 3,1 
6.2 5.2 
18.1 20.8 
12.0 13.5 
19.0 18.4 
14.7 13.9 
10.2 10.9 
4.6 s. 7 
8.7 7.2 
5.1 5.1 
13.8 14,8 
6.2 -5.1 
4.7 4.7 
10.1 10.0 
5.4 4. 7 
12.4 9.6 
4.4 4.6 
18.3 20.5 
4.8 -5.3 
Hi.l 14.7 
9.6 9,5 
4.5 4,8 
7.1 6.0 
13.2 12.6 
13.1 12.8 
9.5 9.4 
4.1 3.8 
6.3 6.4 
2.9 2. 7 
3.4 3,5 
9.8 10.7 
9.6 9.1 
5.4 5.6 
2.5 2.2 
3.4 4.2 
22.7 -22.0 
25.9 -27.0 
39.8 -41.7 
8.7 -9.1 
3.7 3.2 
7.9 8.8 
9.9 11.0 
2.7 -2.7 
3.0 3.1 
11.2 9.4 
12.0 9.8 
3.8 3.2 
12.5 -11.9 
10.9 -12.0 
19.9 -21.8 
18.7 -16.5 
29.3 28.0 
6.9 7.4 
23.1 29.2 
26.5 30.9 
28.0 -31.1 
10.7 -10,7 
3.5 -3,8 
6.6 -7.6 
3.0 3.5 
6.2 6.5 
4.4 4.3 
4.4 4.0 
6,2 4.6 
8.8 7.6 
6.2 5,3 
8.1 -6,4 
17.6 -15.0 
6,8 -7.4 
8,8 7.4 
6,5 5.6 
3.5 3,5 
8,6 -9.5 
2.1 2.3 
12.1 13.2 
7.5 7.8 
a.2 -9.4 
9,9 -13.0 
h k 
7 2 0 
9 2 0 
10 2 0 
-10 3 0 
-a 3 o 
-7 3 0 
-6 3 0 
-5 3 0 
-4 3 0 
-3 3 0 
-2 3 0 
-1 3 0 
0 3 0 
1 3 0 
2 3 0 
3 3 0 
4 3 0 
' 3 0 
6 3 0 
7 3 0 
8 3 0 
9 3 0 
10 3 0 
-9 4 0 
-8 4 0 
-7 4 0 
-5 4 0 
-4 4 0 
-3 4 0 
-1 4 0 
0 4 0 
4 0 
2 4 0 
3 4 0 
4 4 0 
5 4 0 
6 4 0 
7 4 0 
8 4 0 
9 4 0 
-a 5 0 
-6 5 0 
-5 5 0 
-4 5 0 
-2 5 0 
-1 5 0 
0 5 0 
3 5 0 
6 5 0 
7 5 0 
9 5 0 
-6 6 0 
-5 6 0 
2 6 0 
3 6 0 
4 6 0 
' 6 0 
6 6 0 
-4 7 0 
-3 7 0 
0 7 0 
1 7 0 
2 7 0 
3 7 0 
4 7 0 
5 7 0 
-1 -a 1 
1 -a 1 
-5 -7 
-4 -7 
-1 -7 
3, -7 
-a -6 1 
-6 -6 1 
-5 -6 1 
-4 -6 
-3 -6 
-2 -6 1 
Fo 
9.5 
1l.a 
7.1 
3.7 
4.0 
4.2 
3.0 
2.8 
5.4 
10.7 
9.3 
1.4 
21.7 
21.7 
6.9 
6.1 
18.2 
15.6 
3.2 
4.5 
7.4 
7.3 
3.1 
3.7 
4.4 
8.6 
8.8 
14.6 
13.5 
12.0 
17.7 
19.7 
4.4 
16.2 
11.4 
7.2 
2.0 
4.9 
4.2 
2.3 
4.0 
4.3 
8.5 
4.8 
3.9 
9.0 
1.9 
4.1 
3.9 
3.0 
3.1 
2.7 
3.0 
6.1 
4.6 
2.6 
5.6 
4.5 
2.2 
2.7 
5.8 
7.9 
3.4 
2.7 
5.0 
4.0 
2.0 
2.4 
5.2 
8.3 
6.2 
3.0 
5.9 
8.9 
8.7 
7.5 
3.7 
11.5 
Fe 
-10.5 
12.5 
7.6 
2.9 
2.8 
2.9 
-3.0 
-3.0 
-4.a 
-9.9 
-10.2 
-1.5 
24.a 
25.9 
7.1 
-5.8 
-20.4 
-18.4 
-3.3 
4.7 
7.5 
7.2 
3.2 
2.8 
3.3 
5.9 
-7.3 
-12.0 
-13,5 
11.9 
1a.6 
21.9 
-3,9 
-18.0 
-12.3 
-7.7 
2.2 
5.8 
3.7 
2.6 
3.5 
-2.8 
-6.6 
-4.3 
3.1 
8.0 
1.4 
-3.8 
-3.5 
-3.0 
3.1 
-2.2 
-2.2 
4.4 
3.5 
-2.1 
-4.4 
-4.5 
-2.0 
-2.4 
3.7 
5.6 
2.3 
-2.0 
-4.5 
-4.2 
1.1 
3.2 
-5.2 
-6.4 
4.6 
-2.7 
5.4 
-7.a 
-7.4 
-6,1 
3.2 
9.7 
h k 
-1 -6 
-10 -5 
-9 -5 
-6 -5 
-3 -5 
0 -5 
1 -5 1 
2 -5 1 
4 -5 
5 -5 
-7 -4 1 
-6 -4 1 
-5 -4 1 
-4 -4 1 
-3 -4 1 
-2 -4 
-1 -4 
1 -4 1 
2 -4 1 
3 -4 1 
4 -4 
5 -4 
-11 -3 1 
-9 -3 1 
-8 -3 1 
-7 -3 1 
-6 -3 
-5 -3 
-4 -3 
-3 -3 1 
-2 -3 
-1 -3 1 
1 -3 
2 -3 1 
3 -3 1 
4 -3 1 
-10 -2 1 
-9 -2 1 
-a -2 1 
-6 -2 1 
-5 -2 1 
-4 -2 1 
-3 -2 1 
-2 -2 1 
-1 -2 1 
0 -2 
1 -2 1 
2 -2 
3 -2 1 
4 -2 1 
-12 -1 1 
-11 -1 1 
-10 -1 1 
-9 -1 1 
-7 -1 
-6 -1 1 
-5 -1 1 
-4 -1 1 
-3 -1 1 
-2 -1 1 
1 -1 1 
2 -1 1 
-8 0 1 
-7 0 1 
-6 0 1 
-5 0 1 
-4 0 1 
-3 0 1 
-2 0 1 
-1 0 1 
0 1 
2 0 1 
3 0 1 
4 0 1 
5 0 1 
-10 1 1 
-9 1 1 
-8 1 1 
Fo Fe 
3.7 3.3 
3.4 3.9 
3.0 2. 5 
3.8 -4.3 
5.9 -5.5 
2.8 2.6 
9. 7 9.4 
7.1 7.4 
7,0 -7.0 
9.7 -9,6 
8,9 7.a 
9.9 9.0 
2.8 -3.4 
14.5 -14.4 
16,6 -16.7 
11.6 -11.6 
6.3 6.2 
18.6 20.2 
7.4 7.3 
7.7 -7.6 
13.7 -13,1 
12.8 -13.1 
1.8 -1,9 
9.0 7.8 
10.9 9.7 
a.7 7.6 
3,8 -4.4 
16.5 -16.7 
25.9 -26.7 
15.6 -14.6 
21.5 24,9 
21.2 24.0 
3,8 4.1 
7,6 -8.2 
8.8 -9.2 
4.8 -5.0 
7.2 6.9 
15.6 13.7 
8.4 7.6 
14.2 -15.3 
23.9 -26.5 
5.0 -4.4 
1.9 -2,5 
19.6 20.9 
34.8 43.1 
15.7 -16.6 
11,2 -11.7 
2.8 2.9 
4.6 4.a 
3.2 3,3 
1,5 -2.7 
2.2 2.5 
4.0 4.6 
5.1 5.0 
2.6 -2.4 
12.4 11.2 
7.6 -6.2 
1a.3 -14,9 
4.9 -5.2 
4a,6 -42.4 
16.1 17.5 
34.3 37,2 
6.0 5.4 
4.5 4,9 
12.4 12.0 
9.6 a.3 
39.a -37,7 
33.3 -37.0 
13.0 -11.6 
7.5 6,5 
3a.9 33.2 
16,7 13.5 
12,0 -11.a 
23.4 -24.0 
13,9 -13,6 
2.a 2.5 
8.6 a.5 
12.4 11.3 
h k 1 
-7 1 1 
-6 1 1 
-5 1 1 
-4 1 1 
-3 1 1 
-2 1 1 
-1 1 1 
0 1 1 
1 1 
2 1 1 
3 1 1 
4 1 
1 1 
-10 2 1 
-9 2 1 
-8 2 1 
-6 2 1 
-s 2 1 
-4 2 1 
-3 2 l 
-2 2 l 
-1 2 1 
1 2 1 
3 2 1 
5 2 1 
6 2 1 
7 2 1 
-10 3 l 
-5 3 1 
-4 3 1 
-3 3 l 
-2 3 l 
-1 3 1 
1 3 1 
2 3 1 
3 3 1 
4 3 1 
5 3 1 
6 3 1 
-a 4 1 
-7 4 1 
-4 4 1 
-3 4 1 
-2 4 1 
-1 4 1 
1 4 1 
2 4 1 
3 4 1 
4 4 1 
5 4 1 
-6 5 1 
-s s 1 
-4 5 1 
-1 5 1 
2 5 1 
3 5 1 
-5 6 1 
1 6 1 
2 6 1 
5 6 1 
-3 -8 2 
-2 -a 2 
0 -8 2 
1 -8 2 
2 -8 2 
-7 -7 2 
-s -7 2 
-4 -7 2 
-3 -7 2 
-1 -7 2 
1 -7 2 
3 -7 2 
4 -7 2 
-9 -6 2 
-8 -6 2 
-7 -6 2 
-6 -6 2 
-s -6 2 
Fo Fe 
6. 7 5,3 
8.2 -8.7 
14,3 -16.7 
19.0 -20.5 
16.1 -14.9 
16,5 16.7 
38,7 46,9 
17.6 20.1 
14.4 -13.5 
14.8 -14.4 
9.1 -8.1 
3.3 -3.4 
1.6 2.0 
4.8 4,8 
7,8 7.0 
7.6 6,8 
7.8 -7.4 
10.2 -10.9 
10,5 -9.7 
4.6 4.2 
1.2 1.3 
5.8 4,7 
5.0 -4.6 
8,3 8,7 
8.0 -8.6 
8,9 -11.2 
5.0 -5,1 
1. 7 1, 9 
4.8 5.1 
5,2 -5,4 
13.0 -13.3 
9.2 -8.8 
9.5 -10.1 
24.8 26.1 
10.3 10.8 
2. 5 2.2 
12.6 -12.0 
15.5 -16,6 
8.7 -10.4 
2. 7 2.5 
4. 7 3.6 
5. 5 -5.2 
12,2 -13.2 
4.3 -4.8 
8,3 8.0 
13.9 13,7 
2.8 2.5 
7.0 -7.2 
7.4 -7.9 
6.2 -6.5 
2.1 -1.8 
6,9 -6.0 
5.2 -4.7 
1 .a 6.7 
2.0 -2.9 
2.4 -2.3 
1,4 -1.4 
3.2 3.0 
2.8 2.2 
2,6 -2.8 
2.5 -2.4 
3.2 -3.0 
2.6 2.6 
3.9 4.0 
1.5 1.8 
3.0 3.2 
5,7 -4,9 
11.2 -8.1 
5.7 -4.5 
7,4 6.3 
2.9 2.8 
4.5 -4.4 
3.6 -3.2 
4.6 5.2 
9.1 8.1 
3.3 3.4 
8.2 -7.0 
12.0 -9.7 
h k 
-4 -6 2 
-2 -6 2 
-1 -6 2 
4 -6 2 
-10 -s 2 
-9 -5 2 
-6 -s 2 
-5 -5 2 
-3 -5 2 
-2 -5 2 
-1 -5 2 
1 -5 2 
2 -5 2 
3 -5 2 
4 -5 2 
5 -5 2 
-8 -4 2 
-7 -4 2 
-6 -4 2 
-5 -4 2 
-4 -4 2 
-3 -4 2 
-2 -4 2 
-1 -4 2 
1 -4 2 
2 -4 2 
3 -4 2 
4 -4 2 
2 5 -4 
-11 -3 2 
-9 -3 2 
-8 -3 2 
-7 -3 2 
-6 -3 2 
-5 -3 2 
-4 -3 2 
-3 -3 2 
-2 -3 2 
-1 -3 2 
0 -3 2 
1 -3 2 
2 -3 2 
3 -3 2 
4 -3 2 
5 -3 2 
-11 -2 2 
-10 -2 2 
-9 -2 2 
-8 -2 2 
-7 -2 2 
-6 -2 2 
-5 -2 2 
-4 -2 2 
-3 -2 2 
-2 -2 2 
-1 -2 2 
1 -2 
2 -2 
2 
2 
-11 -1 2 
-10 -1 2 
-9 -1 2 
-7 -1 2 
-6 -1 2 
-4 -1 2 
-2 -1 2 
-8 0 2 
-7 0 2 
-6 0 2 
-5 0 2 
Fo Fe 
8.4 -7.0 
4. 7 5.0 
5.5 5.2 
2.3 -2.7 
4.1 4.0 
4.7 4.1 
2. 7 -2.6 
2.8 -2.9 
3. 7 2.8 
6,2 -6.2 
8.3 -8.2 
9,8 10.3 
9,6 9.7 
4.7 4.2 
2,8 -3.0 
7.9 -9.0 
5,5 4.9 
3.9 3.6 
3.2 3.1 
2,5 2.4 
14.2 -14.3 
12.5 -12.7 
5.4 -5.9 
4.0 -3.7 
19.4 20.5 
11,6 12.2 
5.o -5.o 
11.5 -13.2 
6,8 -7.8 
4.3 -4.3 
5.0 4.5 
16.3 14.6 
25.2 20.5 
5,2 -5.9 
18,5 -20.6 
27.6 -26.0 
25.5 -26.3 
13,8 14.6 
22.0 25.6 
18,7 22.8 
11,7 13.4 
6.6 -6.9 
a.2 -9.2 
11.2 -13.3 
5.a -5.6 
2.9 -2.6 
3,5 3.2 
12.8 11.3 
8.6 7.8 
10.6 9.1 
4.4 -4.0 
26.4 -29.2 
12.5 -12.3 
1.8 1.4 
9,1 8.8 
10.1 12.9 
13.9 14.2 
5.3 5.1 
2.9 2.8 
3.8 3.6 
4.8 4.6 
4,7 -4.6 
4.1 3.1 
3.1 -3.2 
11,6 -11.9 
5.1 4.9 
12.0 10.4 
5.1 5,3 
5.0 -5.0 
-4 0 
-3 0 
-2 0 
-1 0 
0 0 
2 14,2 -15.5 
2 26,5 -25.5 
2 12.2 -11,6 
2 20.7 18.6 
2 19.6 18.8 
1 0 2 21.3 19.5 
2 0 2 19.9 17.0 
3 0 2 3.0 -3.5 
4 0 2 17.7 -20.5 
TABLE 5. (continued) 
h k 1 
5 0 2 
-11 2 
-9 2 
-a 1 2 
-7 1 2 
-6 1 2 
-5 1 2 
-4 1 2 
-3 1 2 
-2 1 2 
-1 1 2 
0 2 
1 2 
2 2 
3 2 
4 2 
5 2 
-10 2 2 
-9 2 2 
-8 2 2 
-5 2 2 
-4 2 2 
-2 2 2 
-1 2 2 
2 2 2 
3 2 2 
5 2 2 
6 2 2 
7 2 2 
-5 3 2 
-3 3 2 
-2 3 2 
-1 3 2 
0 3 2 
1 3 2 
2 3 2 
3 3 2 
4 3 2 
5 3 2 
6 3 2 
7 3 2 
-8 4 2 
-7 4 2 
-6 4 2 
-5 4 2 
-4 4 2 
-3 4 2 
-2 4 2 
-1 4 2 
1 4 2 
3 4 2 
4 4 2 
5 4 2 
-5 5 2 
-4 5 2 
-3 5 2 
-1 5 2 
1 5 2 
3 5 2 
2 6 2 
-3 -8 3 
-2 -8 3 
1 -8 3 
2 -8 3 
-8 -7 3 
-7 -7 3 
-6 -7 3 
-5 -7 3 
-4 -7 3 
-3 -7 3 
-2 -7 3 
-1 -7 3 
1 -7 3 
4 -7 3 
-9 -6 3 
-a -s a 
-7 -6 3 
-6 -6 3 
-5 -6 3 
Fo Fo 
13.6 -13.9 
2.0 -2.5 
6,3 5.9 
10.1 9,6 
11,8 11.0 
5.6 6.1 
15.9 -20.7 
24,5 -27.6 
11,2 -11.1 
2.4 -2.1 
29.6 30.1 
27,4 26.6 
3,7 2.6 
3.2 -2.8 
10.9 -9,5 
6,8 -6,7 
5,0 -5,5 
2.0 1.9 
4,3 4.3 
6.6 6,2 
2.5 -3.0 
12.5 -13,5 
3.4 3.4 
2.1 -2,1 
8.7 8.4 
8.2 7.9 
5.3 -5.6 
12,4 -12.1 
5.4 -5,5 
3.6 3.4 
7.3 -7,9 
5.0 -5.2 
4 .. 0 -4,3 
1.6 1.8 
8.5 9.0 
10.7 11.6 
8,3 8,8 
5.4 -5.6 
11.9 -10.6 
7.8 -7.9 
4,8 -4.4 
1.2 1.7 
3,1 3,4 
2.3 2.5 
2.4 -2.3 
5,6 -5,7 
s.a -s.o 
5,0 -4.7 
4,4 4.1 
7.3 7.9 
2.4 -2.1 
5,4 -4.7 
6.4 -5.9 
1.9 -2.2 
4.6 -5.4 
3,6 -3.7 
3.9 3.4 
3.2 2.9 
2.1 -1.9 
1.8 2.2 
2.9 -3.7 
2.~ -3,4 
3 .o 3,7 
2,1 2,7 
3.0 4,6 
4.2 5.7 
2.2 3,0 
2.4 -2.6 
8.0 -a.1 
8,2 -a.4 
4.3 -4.1 
!1,4 5.1 
4,1 4,5 
3.0 -3,9 
5,3 6,5 
6,1 6,3 
2,5 2,9 
3.2 -3,0 
10.1 -8.8 
h k 1 
-4 -6 3 
-2 -6 3 
-1 -6 3 
-10 -5 3 
-9 -5 3 
-a -5 3 
-7 -5 3 
-6 -5 3 
-5 -5 3 
-3 -5 3 
-2 -5 3 
-1 -5 3 
1 -5 3 
2 -5 3 
3 -5 3 
-8 -4 3 
-7 -4 3 
-5 -4 3 
-4 -4 3 
-3 -4 3 
-2 -4 3 
-1 -4 3 
1 -4 3 
2 -4 3 
4 -4 3 
5 -4 3 
-11 -3 3 
-10 -3 3 
-9 -3 3 
-8 -3 3 
-7 -3 3 
-6 -3 3 
-5 -3 3 
-4 -3 3 
-3 -3 3 
-2 -3 3 
-1 -3 3 
0 -3 3 
1 -3 3 
2 -3 3 
3 -3 3 
4 -3 3 
-11 -2 3 
-9 -2 3 
-8 -2 3 
-7 -2 3 
-6 -2 3 
-5 -2 3 
-4 -2 3 
-2 -2 3 
1 -2 3 
2 -2 3 
-10 -1 3 
-9 -1 3 
-8 -1 3 
-7 -1 3 
-6 -1 3 
-5 -1 3 
-4 -1 3 
-3 -1 3 
-2 -1 3 
-1 -1 3 
0 -1 3 
1 -1 3 
2 -1 3 
3 -1 3 
4 -1 3 
-11 0 3 
-7 0 3 
-6 0 3 
-5 0 3 
-4 0 3 
-3 0 3 
-2 0 3 
1 0 3 
2 0 3 
3 0 3 
4 0 3 
5 0 3 
Fo Fo 
6.a -6.a 
2.5 2.3 
3,7 3.9 
3.1 3,5 
7.1 7,7 
5.7 5,4 
6.a -6,0 
6.5 -5,8 
3.3 -2.6 
4.3 3,6 
3.4 -3.2 
3.7 -3,6 
4,3 4.2 
8.6 8.7 
2.5 2.6 
8.7 7.0 
7.2 6.4 
5.1 4.2 
9.5 -a.2 
15.6 -15.a 
15.1 -16.3 
4.a -4.a 
15,2 17.2 
11.5 9.8 
12.6 -13.4 
7.4 -7.2 
5.1 -6.1 
2.3 -2.4 
2.6 2.7 
1o.a 9.6 
20.2 11 .a 
5.2 4.8 
a.6 -9.5 
20.5 -19.9 
21.6 -22.1 
5.6 -5.a 
4.7 5.0 
27,1 25.4 
30,3 26.8 
4.9 -4.7 
5.9 -7.3 
7.0 -8.3 
2.9 -2.9 
11.3 10.0 
14.2 12.2 
3.7 3.7 
8.o -8.2 
14.3 -14.6 
8,5 -9.5 
7,1 7.9 
7. 7 9.6 
7.5 7.3 
4.1 4.1 
4.4 4.6 
6.8 6.0 
2.9 2.7 
8.6 -8.5 
5.2 -5.2 
3.9 3. 4 
2.1 -2.1 
6.1 -6.6 
7.3 -a.6 
2.2 -2.1 
10.1 9,5 
19.6 17.8 
8.9 9.1 
4,a -~.0 
1.5 -2.2 
12.a n.8 
9,2 9. 7 
5.2 -5.7 
a.6 -8.5 
19.6 -18,5 
1a.7 -18.0 
30.7 29.5 
13.9 12.9 
4.6 -4.a 
10.6 -ll.2 
13.2 -1~.1 
h k 
6 0 3 
-10 1 3 
-· 3 
-8 
-7 
-6 
-5 
-4 
3 
3 
3 
3 
3 
-3 1 3 
-2 3 
3 
3 
2 1 3 
3 1 3 
3 
-1 1 
1 1 
4 1 
5 
6 
3 
3 
-9 2 3 
-8 2 3 
-6 2 3 
-5 2 3 
-4 2 
-2 2 
-1 2 
1 2 
2 2 
3 2 
6 2 
-4 3 
-3 3 
-2 3 
-1 3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
0 3 3 
1 3 3 
2 3 3 
3 3 3 
5 3 3 
6 3 3 
-6 4 3 
-4 4 3 
-3 4 3 
-2 4 3 
1 4 3 
2 4 3 
4 4 3 
5 4 3 
-3 5 3 
0 5 3 
1 5 3 
-6 -a 4 
-3 -8 4 
-2 -a 4 
o -a· 4 
1 -8 4 
2 -8 4 
-7 -7 4 
-6 -7 4 
-4 -7 4 
-3 -7 4 
-2 -7 4 
1 -7 4 
-9 -6 4 
-a -6 4 
-7 -6 4 
-5 -6 4 
-4 -6 4 
-3 -6 4 
-2 -6 4 
-1 -6 4 
0 -6 4 
-10 -5 4 
-9 -5 4 
-a -5 4 
-a -5 4 
~5 -5 4 
-4 -5 4 
-2 -5 4 
0 -5 4 
2 -5 4 
Fo 
3.5 
2.5 
2.3 
7.7 
8.0 
8. 5 
6.6 
15.3 
ll,3 
5.7 
9.4 
13.6 
10.6 
7.6 
6.1 
4.0 
4.1 
1.4 
5.0 
3.9 
4.1 
5.0 
3.4 
3.0 
3.1 
7.1 
6.8 
4.6 
2.3 
2.2 
3.6 
2.7 
2.3 
4.8 
6.1 
4.9 
5.9 
4.0 
2.2 
3.6 
5.2 
3.5 
7.7 
4.7 
3.7 
3.3 
1.6 
1.3 
1.3 
1.4 
3.3 
3.6 
2.0 
2.3 
2.1 
4.1 
3.1 
6.0 
7.3 
3.6 
4.0 
5.7 
7.4 
3.8 
8.1 
8.7 
5. 7 
3.6 
8.7 
2.5 
3.0 
6.6 
6.3 
2.5 
4.8 
3.1 
7.7 
3.5 
7.0 
Fo 
-3.9 
-3,2 
2.7 
7.5 
7.1 
7.8 
-7.5 
-16.7 
-10.6 
-5.0 
8.2 
11.4 
9.4 
-7.0 
-5.7 
-3.6 
-5.1 
2.4 
5.8 
-3.4 
-5.2 
-5,7 
2.3 
1.9 
-2.6 
6.7 
6.6 
-5.1 
-2.1 
-2.0 
-3.9 
-3.2 
1.9 
5.1 
6.4 
5.2 
-6.2 
-4,3 
3.2 
-4.6 
-5,6 
-3,8 
7.0 
4.4 
-3.9 
-4.0 
-2.9 
1.9 
1.6 
2.0 
-3.3 
-4,5 
1.8 
3.2 
3.4 
4.9 
4.8 
-6.4 
-a.1 
-3.8 
5.5 
6.5 
7.3 
4.1 
-a.o 
-a.4 
-5.7 
2.7 
8.6 
2.4 
2.6 
5.8 
6.0 
-2.0 
-3.8 
-2.8 
-6,2 
3.6 
6.5 
h k 1 
3 -5 4 
-7 -4 4 
-6 -4 4 
-5-4 4 
-4 -4 4 
-3 -4 4 
-2 -4 4 
-1 -4 4 
1 -4 4 
2 -4 4 
3 -4 4 
-11 -3 4 
-10 -3 4 
-9 -3 4 
-a -3 4 
-7 -3 4 
-6 -3 4 
-4 -3 4 
-3 -3 4 
-2 -3 4 
-1 -3 4 
1 -3 4 
2 -3 4 
-11 -2 4 
-9 -2 4 
-8 -2 4 
-7 -2 4 
-6 -2 4 
-5 -2 4 
-4 -2 4 
-3 -2 4 
2 -2 4 
3 -2 4 
-10 -1 4 
-9 -1 4 
-8 -1 4 
-7 -1 4 
-6 -1 4 
-3 -1 4 
-2 -1 4 
-1 -1 4 
1 -1 4 
2 -1 4 
3 -1 4 
5 -1 4 
-10 0 4 
-7 0 4 
-6 0 4 
-5 0 4 
-3 0 4 
-2 0 4 
-1 0 4 
0 0 4 
1 0 4 
2 0 4 
4 0 4 
5 0 4 
-8 1 4 
-7 1 4 
-6 1 4 
-5 1 4 
-4 1 4 
-3 1 4 
-2 1 4 
-1 1 4 
1 1 4 
2 1 4 
3 1 4 
4 1 4 
-a 2 4 
-7 2 4 
-5 2 4 
-4 2 4 
0 2 4 
1 2 4 
-3 3 4 
-2 3 4 
-1 3 4 
1 3 4 
Fo 
3.6 3.9 
3.2 2.2 
7.9 7.3 
9.3 8.3 
4.7 -4,4 
12,4 -ll.6 
16,4 -16.1 
10.7 -10.5 
12.8 14.8 
a.1 9,1 
4.3 4,7 
2.9 -3.3 
4.1 -2.a 
3.6 2.7 
10.0 7.7 
9.9 7.7 
6.6 5.a 
12.4 -13.1 
17.9 -19.2 
7,6 -7.8 
4.2 4,7 
12.2 14.0 
2.8 2.8 
3.0 -4.0 
6.6 6,1 
14.3 13.2 
6,7 7 .o 
5.9 -5.7 
10,2 -9.6 
12.2 -11,0 
5.7 -6.4 
2.6 -1,9 
2.3 1.8 
2.6 2,4 
4.3 4.2 
3.2 3.6 
4.1 4.3 
2.2 -2.4 
5.a -5.2 
6.3 -5.9 
10.4 -9.7 
13.3 13.4 
5.8 5,1 
7.1 6,6 
6.9 -7.9 
1.6 -1,9 
3.6 4.0 
4.9 5.9 
3.5 3,6 
14.4 -13,5 
15.4 -13.5 
5.9 -6.0 
2.9 2,2 
21.9 19,9 
14.8 13.0 
3.1 -3.0 
7.4 -7.9 
3.8 5.4 
5.6 5.8 
1,5 2,4 
2.a -3.7 
4.8 -5.7 
9,4 -8.1 
7.2 -6,5 
4.7 4.3 
5.4 5.6 
7, 2 5,1 
2.3 -2,0 
2.8 -2.6 
3. 9 3,8 
2. 7 3, 7 
3.7 -5,1 
3,9 -4.5 
2. 9 2.7 
2.3 2,0 
1. 4 -La 
2.9 -3.2 
2. 5 -3.0 
3.8 4.4 
h k 
2 3 4 
3 3 4 
5 3 4 
-3 4 4 
-2 4 4 
1 4 4 
2 4 4 
-3 -8 5 
-2 -a 5 
-1 -8 5 
-7 -7 5 
-6 -7 5 
-4 -7 5 
-3 -7 5 
-2 -7 5 
-7 5 
-a -6 5 
-7 -6 5 
-6 -6 5 
-5 -6 5 
-4 -6 5 
-3 -6 5 
-1 -6 5 
-9 -5 5 
-a -5 ~ 
-5 -5 5 
-4 -5 5 
-2 -5 5 
-1 -5 5 
2 -5 5 
-6 -4 5 
-5 -4 5 
-3 -4 5 
-2 -4 5 
-1 -4 5 
1 -4 5 
2 -4 5 
-7 -3 5 
-6 -3 5 
-4 -3 5 
-3 -3 5 
-2 -3 5 
-7 -2 5 
-6 -2 5 
-5 -2 5 
-4 -2 5 
-3 -2 5 
-2 -2 5 
-1 -2 5 
1 -2 5 
3 -2 5 
-5 -1 5 
-3 -1 5 
-2 -1 5 
-1 -1 5 
0 -1 5 
1 -1 5 
2 -1 5 
3 -1 5 
4 -1 5 
-3 0 5 
-2 0 5 
-1 0 5 
0 0 5 
1 0 5 
2 0 5 
3 0 5 
5 0 5 
-4 1 5 
-3 1 5 
-2 1 5 
1 1 5 
5 1 5 
-3 2 5 
-2 2 5 
1 2 5 
2 2 5 
Fo Fo 
5.1 5.8 
1, 7 2.1 
1.5 -2,6 
1.4 -2,5 
2.2 -3.2 
2.0 2.9 
4.1 3.8 
1.7 -1.1 
3.1 -2.5 
3.1 -3.0 
4.2 5.2 
3,3 3,6 
5,6 -4.5 
9.1 -7.9 
3.0 -2.4 
4.3 4,a 
5.1 5,6 
6.5 7.8 
3.2 3.2 
6.9 -6.9 
8.1 -7.8 
6.5 -6.7 
6,5 6.6 
3,0 3,8 
2.0 3.0 
3.2 -2.3 
4.5 -4.0 
3,0 -2.6 
2.9 -2.5 
5.2 5,6 
5.2 4.4 
6.2 5.4 
7.4 -7.4 
7.0 -7.9 
5.7 -4.a 
6.6 5.8 
8.8 9.3 
7,1 7,6 
7,a 8,1 
11,7 -9.9 
12.2 -13,0 
6,a -9,a 
3,0 6,4 
2,5 3,4 
2.2 -2.4 
10,2 -11.9 
6.9 -7.3 
1.5 -2.0 
1,2 1,0 
3.3 3,1 
3.0 2.9 
1.8 3,0 
6,1 -5,3 
2.5 -2.1 
6,4 -5.7 
2.5 -2.2 
5.8 5.0 
5,1 5,0 
7,5 6,8 
2.5 2,4 
7.5 -7.1 
9.4 -8.2 
2.a -2.5 
1.7 1.5 
6,7 5,8 
6,2 5.6 
4,3 3,5 
3.1 -3.4 
3.7 -4.4 
6,0 -6.4 
6.0 -4.9 
6.9 5.6 
1.2 -I.a 
2.5 -3,2 
1.5 -1.6 
2.6 2,7 
2.0 2,0 
17 
TABLE 6. Agreement analysis 
Fobs number R.. sine number R layer number R 
o of planes of planes of planes 
0-3 127 ° 17.7% 0.10-0o15 1 25.0% Okl 35 8.251 
3-6 263 11.3 0.15-0.20 7 12.5 hkO 109 11.9 
6-9 163 10.0 0.20-0.25 9 10.6 hk1 150 9.4 
9-12 80.0 10.7 0.25-0.30 16 9.2 hk2 156 8.8 
12-15 62 8.0 0.30-0.35 18 8.2 hk3 147 9.6 
15-18 24; 9.2 0. 35-0.40 32 9.1 hk4 ll6 11.8 
18-21 26 9.3 0.40-0o 45 34 6.6 hk5 70 13.5 
21-24 ll ll.4 0. 45-0.50 44 7 .I 
24-27 10 7.1 0.50-0.55 60 7.3 
27-30 6 7.3 0.55-0.60 56 8.1 
30-33 3 6.3 0.60-0.65 64 10.3 
33-36 3 12.9 0.65-0.70 75 10.3 
36-39 0 0.70-0.75 75 12.1 
39-42 4·· 0 ll.4 0.75-0.80 66 12.6 
42-45 0 0.80-0.85 70 13.6 
45-48 0. 0.85-0.90 48 13.3 
48-51 1 0 13.7 0.90-0.95 71 16.0 
0. 95-1.00 37 22.3 
., 
centre of symmetry at the mid-point between the two phosphorus atoms 
(Gruicksl~k and. Robertson, 1953), as described in Section II. 
nand lengths and bond angles, together with their estimated 
standard deviations, are· shown in Tables 7 and 8. 
17. Discussion 
A representation of the molecule is given in Figure 5, and 
Figure 6 sheTis a vier1 of the structure down [o,0,.1] • 
The molecule is centrosymmetrical about the mid-point between 
the two phosphorus atoms. . The observed P - P bond length of 2.21~ 
c·ompares closely with the values of 2, 22it in tetra ethyl diphosphine 
disulphide (Dutta and l7oolfson, 1961), 2.21 R in 1 ,2-dimethyl-1 ,2-
diphenyl diphosphine disulphide (VIheatley, 1960), and 2, 21 l?. in 
his ( cyclotetramethylene>) diphosphine ·disulphide (Lee and Goocla.cre, 1969; 
see also Section III). The Pauling (1960) value for this bond is 2,20 ~. 
The P - S bonds are shortened by back-bonding from a full 
sulphur p orbital to an empty phosphorus d orbital. The observed bond 
length of 1,95 l?. compares with the v.alues of 1.94 l?. in tetraethyl 
diphosphine disulphide, 1.98 R in 1,2-dimethyl-1,2-diphenyl diphosphine 
disulphide, and 1.95 l?. in bis(cyclotetramethylene) diphosphine disulphide. 
The sum of the Pauling ( 1960) double bond radii for sulphur and phosphorus 
is 1 .94 .R; which who~ corrected for the difference in electronegativity 
(Schomaker and Stevenson, 1941), gives a value of 1. 92 .R for this bond. 
The P - G distances both of 1.81 l?. are close to the values of 
1.82 l?. and 1.84 R in tetraethyl diphosphine disulphide, 1.82 l?. in 
1 ,2-dimethyl-1 ,2-diphenyl diphosphine disulphide, and 1.82. ~ in 
bis(cyclotetramethylene) diphosphine dieulphide. The sum of the Pauling 
( 1960) single bond radii for phosphorus and carbon is 1. 372 l?., but if the 
electronegativity correction is applied, a value of 1.84 l?. is obtained for 
this bond. 
The· c~c bonds are all in the range 1.51-1.53 l?., and appear normal. 
TABLE 7. Bond lengths and their standard deviations 
Bond. ·Distance (} 
0 
0. 004 ~ p-P' 2. 21 \A 
s- p 1.95 0.004 
P - C(l) 1. 81 0.007 
P - C(S) 1. 81 0.011 
C(l) - C(2) 1.52 0.012 
C(2) - C(3) 1. 51 0.017 
C(3) - C(4) 1.52 0.013 
C(4) - C(S) 1.53 0.014 
TABLE 8. Bond angles and their standard deviations 
S - P - C(l) 114. 8° 0.4° 
S - P - C(S) 115.8 .0.4 
S - P - P' 112.7 0.2 
C(l) - P - P' 105.8 0.3 
C(S) - P - P' 104.7 0.4 
C(l) - P - C(S) 101.8 0.4 
P - C(l) - C(2) 108.7 o.s 
P - C(S) - C(4) 108.9 0.8 
C(l) - C(2) - C(3) 112.4 0.9 
C(3) - C(4) - C(S) 113.0 o. 8 
C(2) - C(3) - C(4) 114.4 0.9 
FIGURE 5 A VIEW OF THE MOLECULE 
'it! 
FIGURE 6, Packing of the molecules as seen down Lo,o,1J 
/-----------------+--~ b sina 
1 i 
The ring system is saturated, and is consequently puckered. The bond 
angles round C(1) and C(S) are slit;htly less than the usual tetrahedral 
value, whilst the angles at C(2), C(.3) and C(l+) are greater than 
tetrahedral. 
The distribution of the bonds round each_phosphorus atom is 
essentially tetrahedral, but tno :factors which cause a certain amount of 
distortion are the presence of a sulphur atom, and the inclusion of 
phosphorus in a hetcrocyclic rinc;. The three bend angl0s S - P - c( 1), 
S - P - C(S) and S -P-P' are all c;reater th:m tetrahedral (111,.8°, 
115.8° and 112.7° respectively). The remaining three bond angles round 
the phosphorus atom C(1) - P - P', C(S) - P - P' and C(1) - P - C(S) are 
all less than tetrahedral (105.8°, 101,.7° and 101.8° respectively). The 
sulphur atom is larc;e and because of n-bonding is rather close to the 
phosphorus atom, hence repulsive forces between sulphur and the other 
three atoms bonded to the phosphorus account for the distortion. The 
angle 0(1) - P- C(S) is reduced more than the others, and this further 
distortion arises ·rrom the inclusion of two bonds from a phosphorus atom 
in a ring system. The strain caused in this l'tay by a six-membered 
h.eterocyclic rinc; would be expected to be less than in a five-membered 
hcterocyclic ring. The C - P - C angles in bis(cyclopentamethylene) 
diphosphine disulphide of 101.8° and in bis(cyclotetramethylene) 
diphosphine disulphide of 96.6° are in accord with this, and may be 
compared with the value of 107.3° in the unstrained tetraethyl 
diphosphine disulphide. 
Ignoring contacts bet'ween hydrogen atoms, the shortest 
intermolecular contact is 3.63 R (between two carbon atoms), and all 
those below 4.0 .R are listecl in Table 9. Disregarding the hydrogen 
atoms, intramolecular distances below 4.0 R are shown in Table 10. J.lost 
of these are unavoidable clistunces across rings, but the distances 
s ... C(1) of' 3.17 Rand S.· •• C(5) of 3.19 Rare particularly short, and 
0 
TABLE 9. ·Intermolecular distances less than 4. 0 A (excluding hydrogen atoms) 
Distance 
Symmetry operation applied to 
second atom 
0 
S ••• C(1) 3.91 A (1) 
S ... C(2) 3.87 (1) 
s ... C(3) 3.97 (2) 
C(5) ••• S 3.99 (3) 
C(5) .•• C(1) 3.98 (3) 
C(5) ••• C(2) 3.82 (3) 
C(3) ... C( 3) 3.63 (4) 
S ... C(5) 3.99 (5) 
C(l) ••• C(5) 3.98 (5) 
C(2) ... C(5) 3.82 (5) 
s. H s 3. 93 (6) 
Key to symmetry operations 
(1) X, 1 + y, l+z 
(2) X, 1 + y, z 
(3) x, y 
• 
1+z 
(4) 1-x, 1 - y, -z 
(5) x, y 
• 
z - 1 
(6) -x, 3- y, -z 
0 
TABLE 10. Distances of less than 4. 0 A between atoms in the same 
molecule which are not directly bonded. (Hydrogen atoms are 
.-- . ..-- excluded) 
Distance 
0 p ... S' 3.47 A 
p C(2) 2.71 
p C(3) 3.13 
p ... C(4) 2.73 
p C(l ') 3.21 
p C(5') 3.19 
s ... C(1) 3.17 
s C(2) 3.62 
s C(4) 3.66 
s C(5) 3.19 
s ... C(l '): . 3.81 
s C(5') 3.77 
C(1) C(3) 2.52 
C(l). C(4) 3.08 
C(1) C(5) 2.81 
C(l) ... C(5') 3.78 
C(2) C(4) 2.55 
C(2) C(5) 3.09 
C(3) . ·•-•·. C(5) 2.55 
C(5) C(l ') 3.78 
account for bond anGles S- P.- C(1) and S- P- C(5) increasing from 
tetrahedral to 114.8° and 115.8° respectively. The distance P ••• s• of 
3.47 ~ is of interest, and provides additional evidence that the 
van der Waals radius of sulphur should be less than the Pauling (1960) 
value of 1.85 ~. A value of 1. 72 - 1. 73 ~ has been suggested by 
Fava Gasparri, Nardelli and Villa (1967); Nardelli, Fava Gasparri, 
" -. Giraldi llattistina and Domiano ( 1966); Zdanov and Zvonkova ( 1950); 
van der Helm, Lessor and Merritt (1960); and Lee and Bryant 1969 (a) and 
(b). Even accepting the smaller· van der Vlaals radius of 1. 72 .ll. for 
sulphur plus 1.90 ~for phosphorus, this contact is still shorter than 
the equilibri~~ non-bonded distance of 3.62 R, and contributes to the 
distortion of the bonds round phosphorus. 

SECTION V 
THE CRYSTAL AND MOLECULAR STRUCTURT<: OF TETRA.!:r.IrHYL DIPHOSPHrNE DISllLPHrDE 
1 • Introduction 
2, Preparation and optical exrumination of crystals 
3. Crystal density 
4. X-ray photography 
5. Space group 
6. Cell size and contents 
7. Crystal data 
8. Collection .of intensity data . 
• 
9. Statistical N(z) test 
10. Three-dimensional Patterson synthesis 
11. Three-dimensional least squares refinement 
12. Calculation of bond lengths and angles and their standard deviations lo\ 
13. Discussion 
1. Introduction. 
Tetraalkyl diphosphine disulphides maybe synthesised by the 
general r.eaction 
where R is an alkyl group and X and X' are halogen atoms (Niebergall and 
Langenfeld, 1962). · The best yield (8<%) of tetramethyl diphosphine 
disulphide is obtained from reaction of thiophosphoryl chloride with 
methyl magnesium bromide in diethyl ether. 
The structure of tetramethyl diphosphine disulphide was 
originally assigned by Christen, van der Linde and Hooge (1959), as a 
centrosymmetric molecule containing a P - P linkage (i) 
based on infrared and Raman data. The n.m.r. work of Harris and Hayter 
{1964) gave a value for the coupling constant JP-P of 18.7 Hz. Since 
this value is very small compared with the values obtained from compounds 
' 
known to contain a P - P linkage {480 Hz. in the diphosphite ion (Callis, 
Van Waser, Shoolery and Anderson, 1957) and 108.2 Hz. in diphosphine 
(Lynden-Bell, 1961)), various sulphur-bridged structures (ii), (iii) and 
(iv), 
cH3'-/s'\. /c~ CH3 /cH3 CH3'\ /CH3 
'\p-R R s - p p- s - s - p 
eH{ '-s/ '-c~ CH/t "-eH CH/ '\CH 3 3 3 3 
(ii) (iii) {iv) 
which do not contain a P - P linkage, were suggested. The arsenic 
analogue Me4As2s2 has been shown to have structure (iii) (Camer;nan and 
Trotter, 1964). A preliminary X-ray structure investigation on Me4P 2s2 
reported by Pedone and Sirigu {1967) based on 39 observed hkO reflexions 
and 129 observed hO~ reflexions confirmed structure {i) as correct. 
As part of the series of detailed structure investigations on 
compounds containing P - P and P - S bonds, a more accurate crystal 
structure determination on tetramethyl diphosphine disulphide was 
considered worthwhile. 
2. Prenaration and ontical examination of crystals. 
A sample of the compound was kindly provided b~ Prof. R. 
'· 
Schmutzler (Technical University, Braunschweig, Germany). This was 
recrystallised from toluene-ethanol (3:1) and gave colourless acicular 
crystals elongated along c, which were dried in vacuo. Crystals 
frequently clumped together to form a hollow cylinder. · Most of the 
crystals were twinned, but eventually some single crystals were found. 
Examination of a single crystal under the polarising microscope 
revealed straight extinction, but when the orientation of the crystal was 
changed extinction occurred at positions which were not parallel to a 
prominent crystal face. This indicated that the crystal system was 
monoclinic, because straight extinction is observed in a monoclinic 
crystal only when it is viewed perpendicular to the b axis. However, 
no interference fringes were observed. 
3.• Crystal density. 
The crystal density was measured by the method of flotation in 
aqueous solutions of potassium bromide. Difficulty was experienced 
because the hollow cylindrical crystal aggregates tended to occlude 
pockets of air, giving the crystals an artificial buoyancy. The problem 
was overcome by placing the tube containing crystals and flotation liquid 
in a centrifuge, which caused the air to leave the crystals. The use of 
the centrifuge also increased the accuracy of the determination because 
the increased gravitational force caused a more rapid movement of the 
crystals. The density of the flotation liquid in which the crystals 
neither sank nor floated was measured by means of a Westphal balance. 
-3 The value thus obtained was Dm = 1.31 g.cm. 
4. X-ray photography. 
A single crystal of approximate dimensions 0,08 mm, x 0,08 mm, 
x 0.19 mm. was mounted parallel to its longest dimension. According to 
Pedone and Sirigu ( 1967) this corr-esponds to the crystallographic c axis, 
If the optimum crystal size is taken as 2/~ cm. (Buerger, 1942), then for 
tetramethyl diphosphine disulphide which has ~ = 74.6 cm71, 2/~ is 
.. ,, 
0.027 cm. or 0,27 mm. The crystal chosen for the investigation is 
0.19mm. in its longest cross-sectional dimension, so there should be no 
serious absorption effects. 
A 180° oscillation photograph showed symmetry along the 
direction of each layer line, but no symmetry was observed between +n and 
-n layer lines, 0 A 200 zero layer Weissenberg photograph shmved almost 
six-fold symmetry, with axial rows repeating every 60°, but the pattern 
was not truly symmetrical. The positions of the repeating reflexions 
were approximately correct, but their intensities were not equal in every 
case; some strong reflexions were either very weak or absent in their 
repeating positions. The crystal system is therefore not hexagonal, 
and an alternative indexing was found with axial rows 90° apart, and with 
exact symmetry about each axial row, A 200° first layer Weissenberg 
·film showed symmetry about the a* axial rows only, and the b* rows 
curved slightly towards the +a* row. These observations confirmed that 
the crystal system was monoclinic, with the crystal mounted about a 
non-unique axis, 
The pseudo-hexagonal symmetry of the zero layer indicates that 
there is approximately six-fold molecular symmetry in the [o,o,1] 
projection, If tetramethyl diphosphine disulphide is considered as an 
ethane-like molecule, with the phosphorus atoms taken as the carbon atoms 
in ethane, and the sulphur atoms and methyl groups taken as th~ hydrogen 
atoms, then it is possible for ~n approximate six-fold axis to be present 
in the direction of the P - P bond, provided the molecule has the 
non-eclipsed configuration. This symmetry cannot be exact because of' 
the non-equivalence of the sulphur atoms and the methyl groups. 
5. Space qouo. 
When the zero and first layer Weissenberg photographs were 
indexed, the follOwing ref'lexions were found to be systematically absent: 
.. , 
hk.t. absent when h + k = 2n + 1 
hkO (absent when h + k = 2n + 1) 
hOR. (absent when h = 2n + 1) 
Ok.Q. (absent when k = 2n + 1) 
hOO (absent when h = 2n + 1) 
OkO (absent when k = 2n + 1) 
. 
.. 
The brackets imply that the absence is already accounted f'or in the 
general condition, which shows that the cell is C-f'ace centred. 
Reflexions of the type OOt were not observed because c was the axis of' 
rotation. These absences restrict the space group to C2 (No.5), 
Cm (No.S), or C2/m (No.12) (International Tables, 1965). 
6. Cell size and contents. 
Approximate lattice parameters were measured from the oscillation 
and Weissenberg photographs, and these ;vere refined on the Stile 
dif'f'ractometer as described in Section II. 
The number of' molecules per unit cell was calculated from 
the equation 
which was defined in Section III. The measured density of' 1.31 g.cm;3 
corresponds to 6 molecules per unit cell, f'or which the calculated 
density is 1.319 g.cm;3 It follows that there are at least two kinds of' 
independent molecules present in the unit cell, occupying different sets 
of' special positions. 
Crystal data f'or tetramethyl diphosphine disulphide are 
summarised below. 
7. Crystal data. 
c4H1:f2S2, M = 186.22. 
Monoclinic, a= 18.882, b = 10.703, c = 6.984, all :1: 0.005 R; 
p = 94°42' ± 30'. 
u·= 1406.7 ~3 , z = 6, Dm = 1.31 
F000 = 588, Jl = 74:6 cm7
1 
-3 -3 g.cm. , D = 1.319 g.cm. 
c 
• 
' 
Cu!f.a1 , A = 1.54051 ft; CuKa2, A = 1.5411-33 1L 
Space group c·2, Cm, or C2/m. 
8. Collection of intensity data. 
Three-dimensional equi-inclination Weissenberg data for the 
layers hkO to hk7 were collected from the same crystal as before using 
the StBe diffractometer. The data, punched automatically on paper tape, 
were converted to I and IF~ as described in Section II, using a computer 
program written by Dr. D. R. Russell (Department of Chemistry, University 
of Leicester) and adapted by Dr. J. D. Lee for an ICL 1905 computer. 
Excluding systematically absent reflexions, all independent reflexions 
. . 
within the physical limits of the diffractometer were measured, but those 
for which the term IFoj/criF~ was less than 3 were considered unobserved 
(~ee Section II). Of the 1493 reflexions measured, 916 were considered 
significantly above background and were treated as observed reflexions. 
Because of the small size of the crystal, it was considered unnecessary 
to correct intensities for absorption effects. No corrections were made 
for extinction. 
9· Statistical N(z) test. 
Since the space group could not be determined uniquely on the 
basis of systematically absent reflexions, the statistical N(z) test 
(How ells, Phillips and Rogers, 1950) was used to show the presence or 
absence of a centre of symmetry. The space groups C2 and Cm are 
non-centrosymmetric, but C2/m contains a centre of symmetry, because of 
the combination of a twofold axis and a mirror plane (International 
Tables, 1965). 
• The calculation was carried out on three-dimensional data using 
the computer program described in Appendix II on an ICL 1905 computer. 
The measured, but unobserve<i, reflexions were included in the test with a 
value of relative intensity I = 0.80, this being approximately half the 
minimum observed intensity. Data from the layers hk1 to hk5 were used. 
and. these were assumed to be on the same relative scale. Only the 
general reflexions (those with no Miller indices z:ero) were included in 
the test, for the reasons discussed in Appendix II. It was convenient 
to use relative intensity values rather than observed structure 
amplitudes, so the computer program was modified slightly to use I values 
instead of IFola values. I is not directly proportional to IFol 2 over 
the whole range of reflection angle G because the Lorentz-polarisation 
factor is a function of e. However, the reflexions were divided into 
fairly narrow ranges of sinG/X, so the Lorentz-polarisation factor was 
fairly constant within any one group of reflexions. Therefore it was 
considered legitimate to use I instead of IFoj 2 for the test. 
reflexions were divide<i into 9 ranges of sinG/x, as follows~ 
The 
0.10 - 0.20; 0.20 - 0.30; 0.30 - 0.35; 0.35 - 0.40; 0.40 - 0.45; 
0.45- 0.50; 0.50- 0.55; 0.55- 0.60; 0.60 -·0.65. 
Reflexions having sinG/X less than 0.10 were ignored, for the reasons 
discussed in Appendix II. It was not necessary to include a sine/x 
range above 0.65 because with CuKcx radiation sine = 1 at sin6/X = 0.649. 
The mean curve of N( z) against ~ obtained in this way is 
compared in Figure 1 with the theoretical intensity distributions for 
centrosymmetric and non-centrosymmetric crystals. The Wilson ratio 
(Wilson, 1949) for the observed data was 0.60 compared with theoretical 
values of 0.64 for the centrosymmetric case and 0. 79 for the non-
centrosymmetric case. It is clear· that the crystal is centros~~etric, 
• 
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so the space group is C2/m (No.12). 
It is interesting to note that the intensity distribution shown 
in Figure 1 lies above the theoretical curve for the centrosymmetric case 
over the whole range of z. The success of the statistical N(z) test 
depends on a random distribution of atoms within the unit cell. Lipson 
and Woolfson (1952) showed that the presence of a non-cr~stallographic 
centre of symmetry in the atomic arrangement gives rise to a more extreme 
intensity distribution than for a normal centric case, so higher values 
of N(z) are obtained for each value of z.. These workers proposed a 
theoretical curve for tllis condition, which they termed hypercentricity, 
and found that distributions close to the hypercentric case were obtained 
for some almost centrosymmetric molecules lying in general positions. 
It is possible that the tendency of the intensity distribution of 
tetramethyl diphosphine disulphide towards hypercentrici ty is caused by 
one or more of the different types of' molecules having a centre of 
symmetry which does not coincide with a crystallographic centre of 
symmetry. 
10. Three-dimensional Patterson synthesis. 
A three-dimensional Patterson synthesis was performed on the 
observed reflexions using the Fourier program in the X-ray 63 system of 
computer programs due to Prof. J. !.!, Stewart (University of M~yland), as 
adapted by Dr. J. C, Baldwin for the SRC Atlas computer at Chilton. 
The Patterson space group for the monoclinic system is P2/m 
(No.10). This is because any translational symmetry present in the true 
space group is lost when IFol 2 is used instead of Fo in the Fourier 
summation, and because the resultant vector map must by nature be 
centrosymmetric (Buerger, 1959); the only centrosymmetric monoclinic 
space grou!l which does not involve any translational symmetry :i:s P2/m. 
However, the electron density expression for space group C2/m is 
identical to that for P2/m. For the second setting (unique axis b) 
this is 
.!t._ d1 eO <:¥> { JO (XYZ) = Vc b:l:o k=l:o t.~O F(hk~cos2n(hX~Z) 
· + F(hk.l.) cos2n( -hX+.ez)} cos21tkY" (electrons) • .R-3, 
whereJD(XYZ) is the electron density at a point in the unit cell having 
fractional coordinates X, Y, Z, and Vc is the unit cell volume 
(International Tab~es, 1965). The corresponding Patterson function for 
the monoclinic system is 
. .!t._ (lt> "" ... { I 12 P(UVW) = V c h~O k~O t.~O 1 F(hk£.) cos2n(hU~W) 
+ I F(!i!&) l2cos2n(hU-RW)} cos21tkV (electrons) 2.R-3, 
.where P(UVW) is the vector density at a point in the unit cell having 
fractional coordinates U, V, W (International Tables, 1965). 
The three-dimensional Patterson map was interpreted and showed 
the two phosphorus atoms almost exactly above each other up the c axis, 
with the centre of one molecule (I) occupying the special position 2a 
(Ihternstional Tables, 1965), with symmetry 2/m and positions 0,0,0; 
1.~,0, and the ce~tre of the other molecule (II) occupying the special 
position 4i (International Tables, 1965), with symmetry m and positions 
x:,O,z; - - I I I I -x,O,z; 'i+x,'i,z; "i-x;i,z. This was in close agreement with the 
approximate structure found by Pedone and Sirigu (1967). 
11. Three-dimensional least sauares refinement. 
Structure factor calculations and full matrix least squares 
refinement were performed on the observed reflexions using the program 
FC, and a modified version of the program ORFLS (Martin, Busing and Levy, 
Oak Ridge National Laboratory), in the X-ray 63 system of computer 
programs. The atomic scattering factors used in the calculations were 
those of Hanson, Herman, Lea and Skillman (1964), but those for sulphur 
and phosphorus were modified for both real and imaginary parts of 
anomalous dispersion (Dauben and Templeton, 1955). 
The expression for the calculation of structure factors for 
space group C2/m is given in International Tables ( 1965) as: 
when h + k = 2n; A = 8cos2n(hx + .t z)cos2nky; B = 0 
. when h + k = 2n + 1; A = B = 0. 
The structure factor and least squares computer programs in the X-ray 63 
system use a generalised structure factor expression which may be applied 
to any space group. Symmetry information is supplied by the user for 
'• 
the required space group. This information is given as the fractional 
coordinates of equivalent positions generated by the symmetry. For 
space group C2/m with atoms in general positions these fractional 
coordinates are given in International Tables ( 1965) as 
(0,0,0;. ~,i,o) + x,y,z; x,Y,z; i,Y,Z; i,y,Z. 
With symmetry relations treated in this way, it is only necessary to 
calculate structure factors· for the atoms in one asymmetric unit; each 
structure factor may then be multiplied by the number of asymmetric units 
in the unit cell to give the value of Fe on the absolute scale. 
As discussed previously, tetramethyl diphosphine disulphide 
consists of two types of molecules, each occupying different sets of 
special positions, so the asymmetric unit in this case is not simply one 
molecule or part of one molecule • Considering molecule I (with symmetry 
. 2/m), it is only necessary to include one sulphur atom, one phosphorus 
atom and one methyl group; tha eecon~ methyl group attached to the 
phosphorus atom is generated by the mirror plane of symmetry, and the 
other half of the molecule is generated by the twofold axis. The 
sulphur and phosphorus atoms lie on the mirror plane with y/b fractional 
coordinates of 0, so these were included with a weight of 0.5. The 
methyl group is in a general position, so the carbon and hydrogen atoms 
were included with a weight of 1.0. The only symmetry in molecule II is 
the mirror plane at y/b = 0.5 in which the S - P - P - S syste~ lies. 
Thus both sulphur and both phosphorus atoms were included, all with a 
weight of 0.5, together with one methyl group from each phosphorus atom, 
with a weight of 1 .0. 
An initial structure factor calculation was performed on the 
sulphur, .phosphorus and carbon atoms, positions for which were obtained 
from the Patterson map. Isotropic temperature factors of B = 2.5 R2 for 
the sulphur and phosphorus atoms, and B = 4.0 i 2 for the carbon atoms 
were used, and all the layers of data were assumed to be on the same 
'· 
relative scale. This gave a reliability index R = 24.4%. 
Four cycles of least squares refinement were performed in 
which positional parameters and isotropic. temperature factors for each 
atom, and the overall scale factor, were allowed to vary. The y/b 
coordinates of the sulphur and phosphorus atoms were not refined, since 
these are fixed by the symmetry. Unit weights were employed for the 
first two cycles, then a Hughes type of weighting scheme: 
w = 1 when IFol' A; w = lJ~olr when IFol > A 
(Hughes, 1941) was introduced, with a value of the constant A= 30. 
This procedure improved the reliability index to R = 20.~. When 
inter layer scale factors were introduced based on the sums of I Fol and 
jFcl for each layer, R reduced to 18.1%. 
A detailed weight analysis was performed on the observed and 
calculated structure factors at R = 18.1%, and the computer program 
described in Appendix III was used to find constants for the Gruickshank 
type of weight equation: 
1 w = ____ .:.___ _ _ 
A+ BIFol + ciFol 2 
(Gruickshank, 1965) which were suitable for this data. Values of the 
constants obtained were A= 0.926, B = 0.013, G = 0.0015. Two cycles of 
least squares refinement were performed using these constants. 
Interlayer scale factors were not varied. The positional parameters for 
each atom were refined as before, and the temperature factors of the 
carbon atoms vrere refined isotropically. Those for the sulphur and 
phosphorus atoms were allowed to refine anisotropically. Because the 
sulphur and phosphorus atoms lie in special positions with y/b 
coordinates fixed at 0 or 0.5, two of the cross-terms of the 
anisotropic temperature factors are required to be zero (see Section 
II). Each sulphur and phosphorus atom, therefore, was included with 
•. 
B·12 = B23 = O, and these terms were not allowed to refine. The 
reliability index converged at R = 16.4%. 
A detailed weight analysis was performed at R = 16.47~ and the 
computer program described in Appendix III was used to'obtain the 
·constants A= 0.935, B = 0.013, C = 0.0009 for the Cruickshank type of 
weighting scheme. Interlayer scale factors were corrected based on the 
sums ofiFol and IFcl for each layer. One further cycle of refinement 
using the new weight constants, and varying the same parameters as before, 
reduced R to 13.9%. 
The positions of the methyl hydrogen atoms were calculated 
using the computer program BO}~A in the X-ray 63 system, with C - H bond 
lengths taken as 1.075 11.. One of the hydrogen atoms of each methyl 
group was assumed to occupy a position in the same vector sense as a 
specified bond in the chain of three heavier atoms required by the 
calculation. The positions of the remaining two hydrogen ~toms of each 
methyl group were then calculated using the positions of two heavier 
atoms and the hydrogen atom just calculated, and assuming a tetrahedral 
distribution. In this particular case the three heavier atoms required 
to define the chain may be C, P, C' ; C, P, S; or C, P,' P. Three 
possible sets of hydrogen positions were calculated assuming the first 
C - H bond was in the same vector sense as the P - C', P - S, and P - P 
bonds respectively. Structure factor and bond length calculations on 
all three possibilities indicated that the P - C' vector should be used 
to locate the first hydrogen atom. A difference Fourier map, calculated 
from the differences between observed and calculated structure factors 
at R = 13. 97~, confirmed this choice of hydrogen positions. The 
positions. chosen have two hydrogen atoms of one methyl group pointing 
roughly towards two hydrogen atoms from the other methyl group attached 
to the same phosphorus atom. Models show that this arrangement 
minimises close approaches with other atoms, 
Some punching errors in the measured data were corrected and 
interlayer scale factors were recalculated from the sums of I Foj and I Fcl 
as bef·ore. Further least squares refinement was performed in which 
positional parameters for the sulphur, phosphorus and carbon atoms, and 
anisotropic temperature. factors for the sulphur and phosphorus atoms, 
were allowed to vary as before. Temperature factors for the carbon 
atoms were refined anisotropically. All six thermal terms were allowed 
to vary, as the carbon atoms were in general positions, Hydrogen atoms 
were included in the calculated positions, each with an isotropic· 
temperature factor of B = 6.0 R~, but these parameters were not refined. 
After two cycles of refinement a reliability inder of R = 10.1% was 
obtained, 
The interlayer scale factors were corrected from the sums of 
jFol and IFcl for each layer and a structure factor calculation gave a 
reliability index of'R = 9.3%. A detailed weight analysis was performed 
and new constants were calculated for the Cruickshank tYPe of weight 
equation by the same method as before, The introduction of hydrogen 
atoms and anisotropic thermal vibration of the carbon atoms had 
substantially changed the size and distribution of the differences 
between I Foj and I Fcj , particularly for the weak reflexions, so the 
values of the constants changed to A= 0.382, B = 0,609, and C = 0.0086. 
The curve obtained from the agreement analysis is compared with·the 
weight curve based on these constants in Figure 2. Using the same 
method as before, ne~v positions were calculated for the hydrogen atoms 
qq 
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based on the atomic coordinates at R = 9.3%. Two cycles of least 
squares refinement were perfonned with weights based on the nevr 
constants., and with the new atomic coordinates for the hydrogen atoms. 
The same parameters were varied as before. The reliability index 
converged at R = 8.9%, and very small shifts in the atomic parameters 
were obtainecl. No reflexions had very large· differences between 
'• 
FUrther refinement was considered unnec.essary, but hydrogen 
positions were recalculated and a structure factor calculation was 
performed using interlayer scale factors corrected from the sums of 
This procedure gave the final reliability index 
R = 8,9?t based on the 916 independent observed reflexions, 
The final atomic coordinates and their estimated standard 
deviations are given in Table 1, the final calculated positions of the 
hydrogen atoms are given in Table 2, and the final temperature factors 
are shmm in Table 3. The observed and calc·ulated structure factors at 
R = 8.9% are listed in Table 4, and an agreement analysis is shown in 
Table 5. 
12, Calculation of bond lengths and angles and their standard deviations. 
The computer program BONDLA in the X-ray 63 system was used to 
calculate all intramolecular distances, and all intermolecular distances 
up to 4. 0 1; together with the associated angles. Standard deviations 
were also calculated for the intramolecular distances and angles from the 
estimated errors in the atomic positions given in Table 1. The standard 
deviations of' the P - p· bond in molecule I, of the bond angles involving 
the P - P bond in molecule I, and of' the C - P - C bond angles in molecules 
I and II were calculated differently from the other standard deviations, 
to allow for the centre of symmetry between the two phosphorus atoms in 
molecule I, and the mirror plane relating the two carbon atoms attached 
to each phosphorus atom respectively (Cruickshank and Robertson, 1953), 
( " '2. 
TABIE 1. Final coordinates and their estimated standard deviations 
Atom x/a y/b z/c crx/a a' y/b o-z/c 
8 ( 1 ) 0.0875 . o.oooo 0.3035 0.0001 o.oooo 0.0005 
P( 1 ) -0.0054 o.oooo 0.1589 0.0001 o.oooo o.ooo4 
C( 1) -o,o6o8 0. 1321 0.2024 o.ooo4 0.0007 0.0013 
-------------------------------------------------------------------------
8(2) 0.2607 0.5000 0.3236 o. 0001 o.oooo 0.0005 
8(3) 0.0742 0.5000 0.8215 0.0001 o.oooo 0.0005 
P(2) o. 1652 0.5000 0.4181 0.0001 o.oooo o.ooo4 
P(3) o. 1696 0.5000 0.7282 o. 0001 o.oooo o.ooo4 
C(2) o. 1120 . 0.6365 0.3454 o.ooo4 0.0008 0.0016 
C(3) 0.2252 0.6337 0.7976 0.0003 o.ooo6 o. 0011 
TABIE 2. Calculated positions of hydrogen atoms 
Atom Bonded to x/a y/b z/c 
H( 1) C( 1) -0.0277 0.2109 o. 1764 
H( 11) C( 1) -0.1080 o. 1}21 0.1054 
H(21) C( 1 ) -0.0754 o. 1321 0.3481 
H(2) C(2) 0.1434 0.7170 0.3883 
H( 12) C(2) 0. 1 01 0 o.62o7 o. 1938 
H(22) C(2) o.o645 o.62o6 o. 4120 
H(3) C(3) o. 1923 0.7128 o. 7565 
H( 13) C(3) o. 2381 o.6174 0.9482 
H(23) C(3) 0.2713 o.6174 o, 72o6 
10'3. 
TABLE 3. Final temperature factor parameters 
Atom B11 B22 B33 B12 B13 B23 
s ( 1 ) 3.09 5.o4 5.55 o.oo -o.o8 o.oo 
P( 1 ) 2.37 2.63 5.05 o.oo o.6o o.oo 
C( 1 ) 4.56 4. 11 6.57 0.65 1. 14 -0.90 
------------------------------------------------------------------------
S(2) 2.93 5. 71 6.80 o.oo 1.32 o.oo 
S(3) 2.94 4. 41 7.66 o.oo • 0.73 o.oo 
P(2) 2.23 3· 18 4.44 o.oo 0.30 o.oo 
P(3) 1.97 3. 10 4.34 o.oo 0.26 o.oo 
C(2) 4.24 4.54 9.24 1.21 -0.50 1.15 
C(3) 3.91 3·95 3.87 -1 ·17 -0.74 -0.48 
The H atoms were assigned an isotropic temperature factor of B = 6.00 ~ 2. 
TABLE 4. Observed and ealc~lated structure factors 
h k 
-2 0 0 
-6 0 0 
-8 0 0 
-12 0 0 
-14 0 0 
-18 0 0 
-20 0 0 
-1 -1 0 
-3 -1 0 
-7 -1 0 
-9 -1 0 
-13 -1 0 
-1~ -1 0 
-17 -1 0 
-19 -1 0 
-21 -1 0 
0 -2 0 
-2 -2 0 
-4 -2 0 
-8 -2 0 
-12 -2 0 
-18 -2 0 
-20 -2 0 
-3 -3 0 
Fo Fe 
2.0 -2.0 
54.7 -67,0 
13.0 -10,7 
129,7 129,9 
8,8 8,3 
33.1 35,6 
18,5 -18,3 
2,9 2. 7 
173.0 170.6 
10.2 -11.1 
111.4 107,0 
15,4 11,9 
30.1 32,6 
7.7 -7,3 
9,3 -8,9 
58,5 59.9 
305.8 293,2 
4.6 2.8 
7.0 8,0 
14.3 -14,1 
147.7 138.8 
17.9 18,9 
14.4 -13.7 
70.8 67,6 
-9 -3 
-11 -3 
-13 -3 
-1~ -3 
0 175.5 164,5 
0 10,0 -11.7 
0 7,6 6,4 
0 11.1 10,8 
-19 -3 0 
-21 -3 0 
0 -4 0 
-2 -4 0 
-4 -4 0 
-6 -4 0 
-8 -4 0 
-12 -4 0 
-20 -4 0 
-3 -5 0 
-5 -5 0 
8,9 -7,5 
49.1 51,9 
134.5 143,5 
4.8 5,5 
5,8 5.0 
40.4 51.1 
13.1 -13.8 
131.7 122,7 
7,4 -9,8 
83.9 76,9 
5.6 3,2 
-9 -5 0 122.8 118.1 
8.0 -6,6 
7,2 6,4 
0 12,9 11.7 
0 43.5 46,6 
0 160.9 177,3 
-11 -5 0 
-13 -5 0 
-15 -5 
-21 -5 
0 -6 
-2 -6 0 
-8 -6 0 
-a -s o 
-12 -6 0 
-14 -6 0 
-18 -6 0 
-20 -6 0 
-3 -7 0 
-9 -7 0 
-13 -7 0 
-15 -7 0 
-17 -7 0 
-19 -7 0 
0 -8 0 
-12 -8 0 
-14 -8 0 
-18 -8 0 
-1 -9 0 
-3 -9 0 
-9 -9 0 
-15 -9 0 
-17 -9 0 
o-10 o 
-4 -10 0 
-6-10 0 
-12 -lO 0 
-a -u o 
-9 -u o 
o-12 o 
-6-12 0 
-8-12 0 
-3-13 0 
2 0 1 
4 0 
• 0 
8 0 
10 0 
12 0 
14 0 
16 0 
18 0 
20 0 
22 0 
1 
, 
' 7 
1 
1 
4.4 4,1 
10.7 7.5 
9.7 -7,7 
90.0 85,1 
7.6 5.6 
21.6 21.5 
9 .. 9 -11,3 
73.2 75,2 
57.1 55,0 
7.3 -5.8 
28.2 26.0 
5.8 --4,9 
3,8 -3.6 
119.7 139,4 
66,5 64,3 
6.2 4.8 
21.5 21.6 
5. 7 1,9 
43.2 47.8 
51.6 51.4 
19.7 19,7 
4,7 -2,9 
62,5 64,8 
2.0 2.1 
18,3 17,9 
47.6 50.0 
22.9 26,2 
43,2 46,8 
31,9 37.5 
18.4 17,9 
4.8 -2.2 
19.7 21.8 
112.9 102.2 
50.4 43.7 
93,6 101.5 
u.o 16.3 
27,2 24,3 
65.0 -67,4 
53,0 55,6 
9,4 9. 7 
39,8 38,6 
12.8 14,8 
10,9 11,4 
8,8 12,3 
79,5 -75.1 
51.7 55,9 
64,5 61.9 
h k 
9 
11 
13 
15 
17 
19 
21 
" 0 1 
2 2 1 
6 2 1 
8 2 
10 2 
12 2 
14 2 
16 2 1 
18 2 1 
20 2 
22 2 
, 
, 
, 1 
7 , 1 
9 , 
11 , 
13 , 
15 , 
17 , 
19 , 
21 , 
0 4 
2 4 
4 4 1 
6 4 1 
8 4 1 
10 4 1 
12 4 
14 4 1 
16 4 1 
18 4 1 
20 4 1 
22 4 l 
' 1 
' 
' 
' 
' 1 
11 1 
17 ' 
19 ' 
21 ' 
0 6 1 
2 • 1 
4 6 1 
6 8 
8 6 1 
10 6 1 
12 6 1 
14 6 1 
16 6 
18 • 
20 6 
7 
7 
7 
7 
7 1 
11 7 1 
13 7 1 
l5 7 
17 7 
19 7 
0 8 
2 8 1 
4 8 1 
6 8 
8 8 
10 8 
12 8 
14 8 
16 8 1 
18 1 
, 
5 9 
11 
15 
9 1 
1 
0 10 
10 
10 
Fo Fe 
73.9 62,7 
49.9 49,2 
9.8 -8.6 
36.6 -36,1 
20.2 21.1 
26,9 26,2 
20.1 19,9 
15.4 18,0 
37,0 -37.1 
98,2 91.0 
23.2 24,0 
36.4 33,6 
37.6 32.9 
35,0 -38,0 
41.3 42,5 
11.2 10,7 
32.4 33,9 
12.6 15.5 
5,9 8,2 
26.4 -23.5 
188,6-185,6 
91.6 85,2 
49,9 46,7 
66,7 65,2 
39,6 42,6 
6.6 5,5 
11.9 -14.7 
10.1 9,9 
17,9 19.2 
8.5 8,3 
33,3 -32,3 
70.9 79.3 
10.7 -9,5 
5.2 -5,4 
32,0 35.4 
33,4 35,8 
9.2 -9,3 
25.2 29,4 
10.7 10.6 
23,0 25.0 
14.3 16,0 
4.9 5.3 
4.4 -5,9 
110.5 -111.7 
58.7 57,8 
38,2 39,1 
52.9 57,3 
31.9 34.4 
14.1 -16.5 
13.2 12,8 
16.5 16,6 
8.7 8.1 
18,9 -20,2 
57.5 54,2 
11.3 11.5 
27.8 28.9 
18,1 16.4 
20.6 19.0 
27,9 -27 .o 
32,8 34,4 
10.4 8,6 
20.9 20.5 
12.2 13,3 
7. 7 5,1 
31.1 -31.4 
30,1 27,2 
31,7 31.1 
3o,6 31,3 
32.4 30,2 
5,5 -3,3 
21,4 -22.0 
14.6 16,4 
14.9 15.7 
10.3 -11.0 
38.4 38,3 
13,1 14.5 
24.6 25.4 
16,2 13.5 
12.7 11,5 
26.3 -26,5 
27,8 28,2 
9.3 7.6 
16,7 18,9 
29.0 -28,7 
26,0 25,7 
20.7 22,2 
18,3 18,5 
22,3 23.5 
5,3 -8.4 
8,4 -7.1 
27,3 27.0 
6. 7 5 .I 
h k 
8 10 
10 10 
14 10 
11 1 
11 
7 11 
1111 
012 
2 12 
8 12 
3 13 1 
-2 0 
-4 0 
-6 0 
-8 0 1 
-10 0 1 
-12 0 
-14 0 l 
-16 0 
-18 0 1 
-22 0 
-1 1 
_, 
-5 
-7 1 
-9 
-13 1 
-15 
-17 
-19 
-21 
-2 2 
-4 2 1 
-6 2 
-8 2 
-10 2 
-14 2 
-16 2 
-18 2 
-1 , 
_, , 
-5 , 
-7 , 
-9 3 
-11 3 
-13 3 1 
-17 3 1 
-19 3 
-21 3 
-2 4 1 
-4 4 1 
-8 4 
-10 4 1 
-12 4 1 
-14 4 1 
-16 4 1 
-18 4 1 
-22 4 1 
-1 5 1 
-3 5 1 
-5 5 
-7 ' 
-9 5 
-11 5 
-13 5 
-17 5 
-19 5 
-21 5 
-2 6 
-4 6 
-6 • 
-10 6 1 
-12 6 1 
-14 6 1 
-16 6 
-18 6 1 
-1 1 1 
-3 7 1 
-5 1 1 
-1 7 1 
-9 7 1 
-15 7 1 
-17 7 
-19 7 
-2 8 
-4 8 1 
-6 8 1 
-10 8 1 
-12 8 
-14 8 1 
-16 8 1 
ro Fe 
16,1 17,6 
10,7 11.2 
13,6 14.1 
31.3-31.1 
22,7 21.6 
10,9 13,3 
14.3 15.1 
13,9 15,3 
6,7 -4,9 
18,7 17.3 
12.9 11.3 
10,3 -12,3 
45,6 41.8 
72.6 82.9 
109,0-127.7 
10,2 -8.7 
19,1 31,0 
34,3 33,4 
20.5 21.3 
30.4 35,5 
53,5 -55,7 
3.2 2, 4 
53,6 61.1 
47.9 36.5 
30,1 32,4 
84.8 94.2 
97,2-110.7 
2.5 1, 7 
17.9 25.2 
9,2 10,9 
30,6 31.8 
39.5 -41.8 
52,6 53,3 
41.4 43.8 
37,2 -35,4 
4.1 -2.8 
29,4 32,9 
13,8 17,2 
32,6 35,8 
45,7 -49,9 
10,4 10,6 
143,5 158.2 
57,4 59,1 
69,5 74,1 
95.6-103.4 
9,o -8.0 
9,9 10.6 
9,4 10,4 
25.3 27 .s 
23.4 -25.0 
57,7 52,3 
28,7 31.1 
1.6 -2,4 
35,8 33.6 
21,4 -24,8 
10,6 12,0 
29.7 31.0 
35,9 -39,1 
1.0 1.1 
28.1 22.1 
93,0 85,2 
41.7 39.0 
63,3 62.9 
87.4 -85,1 
8,3 -7.5 
10,1 7.5 
8,9 9,5 
21,2 22.8 
19,9 -22,7 
29,6 27.5 
37,8 35,1 
42.9 -39,4 
28,6 23.5 
4.4 4,5 
14,1 12.9 
23,4 22.9 
33.6 -32.7 
35,0 29.5 
12,6 13,3 
18.2 17.3 
47,8 44.7 
56,4 -52,9 
15,6 13,6 
8,2 7.2 
20,3 19.0 
17,8 14,8 
33,5 26,6 
40,8 -36,7 
19,8 17.0 
10,9 10.8 
15,4 10.4 
20,6 18.0 
h k 
-18 8 
-1 9 
_, 9 
_, 9 
-7 9 
-9 9 
-11 9 
Fo 
-13 9 1 
29.4 
24.6 
17,8 
19,1 
37.2 
38,3 
0.8 
8.5 
15,0 
17.7 
8.0 
19,9 
6.3 
5.6 
13,3 
24.6 
14,3 
23,5 
26,7 
4.4 
8.5 
8.9 
9.2 
-2 10 1 
-4 10 
-6 10 
-10 10 
-12 10 
-14 10 
-1 11 
-3 11 
-5 11 
-7 11 
-9 11 
-ll 11 
11 
12 
-13 
-2 
-4 12 
-6 12 
-10 12 
-1 13 
2 0 
4 0 
6 0 
8 0 
10 0 
12 0 
1 
1 
1 
1 
1 
1 
1 
1 6,0 
1 12,8 
1 8, 7 
2 125,0 
2 47,9 
2 68,8 
2 1,2 
2 42,9 
2 38,6 
Fo 
-27.9 
19.2 
17,4 
16.0 
29.1 
-34,7 
-o.8 
6.7 
12,7 
13.8 
-7.9 
15.5 
-6.2 
5.1 
10,1 
23,1 
14.8 
20.0 
-23.4 
-2,8 
6.4 
9.4 
10,3 
-3.7 
11.2 
9.6 
115,3 
35.6 
62.4 
0.1 
-39,9 
-40,6 
13.5 
13.1 
30.1 
14 0 2 12,9 
16 0 2 14,1 
20 0 2 26,0 
22 0 2 13,7 -16,0 
1 
, 
1 
2 
2 
' 7 1 2 
9 1 2 
2 100,6 -98.2 
6,1 -5.8 
4,5 -1.2 
25,6 19,4 
38,0 -39,1 
33,2 32.1 
14.3 -13.4 
12,6 10.3 
14,9 15,5 
17.5 -20,3 
103,3-105.7 
42.8 42,0 
34,1 35,6 
30,4 32,3 
11,9 9.5 
52,6 -56.o 
40,5 -42.2 
21,1 20,9 
21,4 20,0 
3,7 3,5 
18,9 20,2 
13,9 -14.8 
29,6 -31.4 
14,9 17.4 
20,3 -21,7 
13,1 -15.5 
63,2 -66,7 
53.4 52.5 
10,6 -11,1 
22,4 20.5 
7,8 6,1 
14,2 -18,6 
41,9 -5o.e 
11,1 12.7 
21.7 23,6 
27,1 23.7 
56,1 -57.3 
34,7 -36,0 
23.8 22,0 
22,4 23.3 
8,9 7,4 
10,7 12.6 
31,8 -33.7 
10,7 -9.6 
42,4 -47,4 
35,8 36.9 
13,3 16,1 
5,1 6.0 
69,0 -70,4 
38,8 37.7 
17,6 16,6 
16,8 17.1 
9,3 7.2 
26,9 -30.9 
24.3 -24.8 
10.6 9.9 
11 
13 
2 
1 2 
15 1 2 
17 1 2 
21 2 
0 2 2 
2 2 2 
4 2 2 
6 2 2 
8 2 2 
10 2 2 
12 2 2 
14 2 2 
16 2 2 
18 2 
20 2 
22 2 
1 , 
2 
2 
2 
2 
, , 2 
5 3 2 
7 , 2 
9 , 2 
11 3 2 
13 3 2 
15 3 2 
17 3 2 
21 3 2 
0 4 2 
2 4 2 
4 4 2 
8 4 2 
10 4 2 
12 4 2 
14 4 2 
16 4 2 
18 4 2 
20 4 2 
1 ' 2 
7 ' 2 
9 ' 2 
11 5 2 
15 5 2 
17 5 2 
0 6 2 
2 6 2 
4 • 2 
6 6 2 
8 • 2 
10 6 2 
12 6 2 
14 6 2 
h k 
2 ,. 6 
' 7 
3 7 2 
7 7 2 
9 7 2 
2 
2 
2 
11 
13 
15 7 
17 7 2 
0 8 2 
8 
4 8 
6 8 2 
10 8 2 
12 8 2 
14 8 2 
16 8 2 
9 2 
5 9 2 
9 9 2 
11 9 2 
2 010 
2 10 2 
6 10 2 
8 10 2 
10 10 2 
12 10 2 
14 10 2 
7 11 2 
2 
2 
11 
1111 
0 12 2 
2 12 2 
Fo 
10.5 
Fe 
11.6 
41.1 -40.7 
7.4 -8.2 
5,8 6,6 
16.2 -17.2 
12,8 13.0 
6,7 -5.8 
4,9 2. 7 
8,8 11.7 
59,1 -58,8 
34.0 30.0 
10.9 10.9 
17.1 19.2 
11.1 -18;9 
17,6 -20.3 
9,3 9,5 
5,4 4.4 
22.1 -22,4 
1.4 -1.3 
19.2 -16,2 
18,2 16.8 
27.0 -23,9 
9,6 6.8 
3,3 3.3 
7.5 7,2 
17.2 -18,6 
14,8 -15.6 
10.4 n.o 
7.3 -6,7 
17 .o -16.9 
15.7 16,3 
11,6 -11.8 
6,3 4.0 
8 12 
-2 0 
-4 0 
2 6.2 6,2 
2 112.4-129,9 
2 69.1 -79,5 
... 0 2 
2 -8 0 
-10 0 2 
-12 0 2 
-14 0 2 
-16 0 2 
-18 0 2 
2 
2 
-20 0 
-22 0 
-1 
_, 
-5 
2 
2 
2 
-7 2 
-9 1 2 
-11 
-13 
-15 
-21 
_, 
-2 
2 
2 
2 
2 
1 2 
2 2 
-4 2 2 
-6 2 2 
-10 2 2 
-12 2 2 
-14 2 2 
-16 2 2 
-20 2 2 
-22 2 2 
-1 3 2 
-3 3 2 
-5 3 2 
-7 3 2 
-9 3 2 
-11 3 2 
-13 3 2 
-21 3 2 
-2 4 2 
-4 4 2 
-6 4 2 
-8 4 2 
-10 4 2 
-12 4 2 
-14 
-16 
-22 
4 2 
4 2 
4 2 
-1 5 2 
-3 5 2 
-9 5 2 
-11 
-13 
5 2 
5 2 
-19 5 2 
-21 5 2 
-2 6 2 
-4 6 2 
-6 6 2 
-10 6 2 
59,3 64.0 
25,6 22.5 
34,6 30.8 
56.9 -59.2 
25.3 -29.2 
30.5 -32.9 
7 .o -6.3 
11.6 -13,3 
4,2 4,5 
44,3 50.3 
72,3 -77.2 
14,1 19,3 
20.3 -20.0 
11.6 -13.3 
39.6 -46 .o 
12,6 -14.9 
12.0 -13,4 
24.0 -26.7 
15.7 -15.0 
68.4 -68,7 
44.0 -44,7 
33.7 37.0 
36,3 42.1 
59.3 -69.3 
25,8 -26,3 
37,0 -38.1 
11.2 -9,7 
8,3 5,6 
20,2 20.7 
20,3 -20.3 
13,6 11.5 
10,0 8. 7 
56,8 -57 .s 
52,8 -56.7 
16,8 -19,1 
21.7 -21.4 
34 .6 -38.3 
20.7 -24.3 
13,5 11,0 
16,5 -18.8 
32.3 34.6 
64.0 -65,0 
20,3 -20,4 
40,0 -37.7 
6,4 5,9 
25,7 21.1 
25.7 -25,1 
39,2 -39.8 
45,3 -42.0 
14,8 -16.1 
2.5 2,7 
21,8 -20,1 
55,1 -50.1 
32.6 -30,4 
21,5 19,6 
18.7 19,6 
TABLE 4. (continued) 
h 
-12 6 2 
-14 6 2 
-16 6 2 
-20 6 2 
-1 ' 
-3 ' 
-:s 7 2 
-7 7 2 
-11 7 2 
-13 7 2 
-2 8 2 
-4 ' 
-6 8 2 
-8 8 2 
-10 8 2 
-12 8 2 
-14 8 2 
-16 2 
-1 9 2 
-3 9 2 
-9 9 2 
-11 9 2 
-13 9 2 
-2 10 2 
-4 10 2 
-10 10 2 
-12 10 2 
-14 10 2 
-3 11 2 
-9 11 2 
-11 11 2 
-2 12 2 
-4 12 2 
-8 12 2 
' 0 3 
4 0 3 
6 0 3 
8 0 3 
10 0 3 
12 0 3 
14 0 3 
16 0 3 
18 0 3 
20 0 3 
1 1 3 
' 1 , 
7 , 
9 , 
11 3 
" , 
15 1 3 
17 1 3 
19 1 3 
21 l 3 
0 2 3 
2 ' 3 
4 ' 3 
6 ' , 
8 ' 3 
10 2 3 
12 2 3 
14 2 3 
18 2 3 
20 2 3 
1 , , 
3 3 3 
' 3 3 
7 3 3 
9 3 3 
ll 3 3 
13 3 3 
17 3 3 
19 3 3 
0 4 3 
' 4 3 
4 4 3 
6 4 3 
8 4 3 
14 4 3 
18 4 3 
20 4 3 
1 ' 3 
3 ' 3 
' ' 3 
7 ' 3 
9 ' 3 
11 5 3 
-3 5 3 
17 1!1 3 
' 6 3 
4 6 3 
6 
Fo Fe 
42.8 -41,0 
22.4 -18.6 
27,5 -:1.3,3 
7.7 -8,8 
27,1 21.3 
40.1 -34,1 
4 .o 4,3 
14.3 -13.2 
26.9 -23.8 
6.1 -6,9 
46,8 -40.1 
23.4 -23,3 
16,0 15.4 
5. 7 5.6 
18,6 l3.5 
33.1 -27.9 
17,3 -17.3 
17.6 -15,8 
15,8 10.5 
25.6 -19.6 
19.4 -13,6 
19.9 -20.7 
s.o -6.3 
23.3 -18.3 
8.2 -8.3 
13,9 9.8 
29.8 -23,6 
14.0 -11.6 
5,2 -5.8 
18,3 -18,8 
14.7 -16.2 
10,2 -11.0 
4,0 -4.1 
5.8 -4.6 
118.4-126.2 
12.0 14.9 
44,5 -50.3 
28,6 -27.4 
15.8 16,7 
21.2 18,9 
71.6 -64,9 
16.0 14,7 
21,4 -21.0 
18,5 -18,8 
66,9 70,0 
90.3 -87.5 
41,6 -47.1 
22.0 -17.6 
49,8 -45,7 
69,1 59,4 
3,5 -3.3 
37.9 -38,3 
8,6 -9.4 
7.4 -5.1 
9,4 11.1 
99,3-100.2 
41,7 43,8 
38,9 -40.0 
51.4 -48,8 
11.0 11.5 
10.7 9.0 
57 .o -51.2 
18.2 -15.8 
17.6 -18.8 
71,6 68.7 
14,9 18,8 
105,0-108.8 
23.8 -18.1 
29,1 -29.0 
50,1 -43,8 
45.8 37,3 
24,7 -24,8 
6.8 -6.6 
13.7 15,0 
76,6 -86,6 
48.7 54.7 
26.2 -30,1 
59.1 -55.8 
41.0 -36,4 
11.6 -10.2 
17.5 -18.8 
46,8 52,9 
11.1 10.1 
76.4 -84.4 
22.7 -19.8 
24.2 -23.6 
39,9 -33,9 
39,9 32.2 
22.3 -25.5 
68,6 -71.4 
17.0 20.6 
23.6 -26,1 
h k 
8 6 
10 6 :J 
14 6 3 
18 6 3 
1 7 3 
3 7 
5 7 
7 7 3 
9 7 3 
11 7 
13 7 
17 3 
' 8 3 
4 8 3 
6 8 3 
6 8 3 
10 8 3 
12 8 3 
14 8 3 
16 8 3 
1 9 3 
3 9 3 
5 9 3 
7 9 3 
11 9 3 
13 9 
' 10 
4 10 3 
6 10 3 
8 10 3 
10 10 3 
11 3 
5 11 3 
9 11 3 
2 12 3 
4 12 3 
-2 0 3 
-4 0 3 
-6 0 3 
-8 0 3 
-10 0 3 
-12 0 3 
-14 0 3 
-16 0 3 
-18 0 3 
-20 0 3 
-22 0 3 
-1 
-3 1 3 
-5 1 3 
-7 3 
-9 3 
-11 1 3 
-15 1 3 
-17 1 3 
-19 1 3 
-21 1 3 
-2 2 3 
-4 2 3 
-6 2 3 
-8 2 3 
-10 2 3 
-14 2 3 
-16 2 3 
-18 2 3 
-20 2 3 
-22 2 3 
-1 3 3 
-3 3 3 
-5 3 3 
-7 3 3 
-9 3 3 
-11 3 3 
-13 3 3 
-15 3 3 
-19 3 3 
-21 3 3 
-2 4 3 
-4 4 3 
-6 4 3 
-8 4 3 
-10 4 3 
-12 4 3 
-14 4 3 
-16 4 3 
-18 4 3 
-20 4 3 
-1 5 3 
-3 5 3 
-5 5 3 
-7 5 3 
-11 5 3 
Fo 
3:t,1 -27.7 
IL5 6 .. ~ 
44.1 -40.4 
14.0-11.4 
21.4 Jl,.j 
14,0 -7.1 
41.~ -47,4 
19.3 -24,3 
12.5 -10,4 
32,9 ·28,8 
38.8 34.2 
25.4 -27,0 
49.7 -52,5 
6.1 6,8 
16.0 -19.5 
22.5 -20,7 
10.7 9,8 
8,5 5, 7 
36.2 -34.6 
8.9 6,9 
16.7 21.4 
4.5 -4,3 
33.7 -40,8 
12,6 -10.9 
28.5 -24.6 
22.6 21.2 
29.6 -34.7 
10,3 13,1 
14,8 -11,2 
22.9 -25.6 
7,3 5, 7 
10.7 15.5 
30,3 -33,8 
10,8 -10.0 
17.9 -23.5 
9.5 9.4 
6.2 -9.3 
90.9 -97,5 
9.4 -ll.4 
60.2 64,8 
49,3 -52,5 
16.6 -13,8 
30.9 -33.7 
58.9 -57,1 
6.1 -5.4 
27.8 23.3 
16.5 -14,8 
67.1 -70.7 
40.5 -43,9 
6,4 -5.5 
124.9-122,9 
17,2 18.8 
11.4 13,2 
32.9 -32,4 
9.9 5,2 
65.7 -58.7 
11.4 9,6 
28.3 -31.4 
64.8 -63.2 
32.1 -34,8 
54.7 48.6 
70.2 -65,2 
25.4 -19,4 
55.2 -52.8 
8,1 -4,2 
19.5 17,8 
10.8 -13.0 
15,4 -14.4 
51.9 -50,3 
37.6 -40,7 
126.8-U7,0 
8.1 6.1 
25.8 27,2 
24.8 -23.6 
19.6 -16,6 
51,8 -47,6 
2.0 2,7 
31.0 -34,4 
43,0 -51,8 
40.0 -44,5 
39.2 36.0 
74.8 -66.1 
4.4 3. 7 
12.0 -8.0 
45.7 -43,7 
4.3 -3.8 
12.7 11,6 
29,0 -31.5 
36,2 -39,3 
25.4 -23.9 
101.0 -95,7 
22.5 20,9 
h k 
-13 :1 
-1::. :J 
-19 :t 
-:! 6 3 
-1 6 3 
-6 6 
18 6 :J 
-10 6 3 
-12 6 
-14 6 
-16 6 
-20 6 
-1 7 
-3 7 
-7 7 
-9 7 
-13 7 3 
-15 7 3 
-17 7 
-19 7 
-4 8 3 
-6 8 3 
-8 8 3 
-10 8 3 
-14 8 3 
-16 8 3 
-1 9 3 
-3 9 3 
-7 9 3 
-11 9 3 
-13 9 3 
-15 9 3 
-2 10 3 
-4 10 3 
-6 10 3 
-10 10 3 
-12 10 3 
-1 11 3 
-5 11 3 
-7 11 3 
-11 11 3 
-4 12 3 
2 0 4 
4 0 4 
6 0 4 
8 0 4 
10 0 4 
16 0 4 
3 1 4 
' 1 4 
7 1 4 
9 1 4 
13 1 4 
' 2 4 
4 2 4 
8 2 4 
16 2 4 
1 3 4 
3 3 4 
' 3 4 
7 3 4 
11 3 4 
13 3 4 
15 3 4 
0 • • 
4 4 4 
10 4 4 
12 4 4 
16 4 4 
1 ' 4 
3 ' 4 
' ' 4 
7 ' 4 
11 5 4 
13 5 4 
15 5 4 
17 5 4 
' ' 4 4 6 4 
16 6 4 
3 7 4 
7 7 4 
13 7 4 
2 8 • 
4 8 4 
8 8 4 
14 8 4 
3 9 4 
' 9 4 
7 9 4 
0 10 4 
2 10 4 
f<> Fe 
20,1 -1tl,1 
1!),1 -l~l ,3 
4:>,0 -<11,4 
12,0 -11.1 
4!1,.j -5.>,8 
!3,2 -17,6 
36,0 32,9 
45,3 -41,1 
4. 7 -5,4 
18.2 -16,2 
41,8 -38,4 
12.4 12,6 
35.0 -43,6 
16.8 -21.1 
63,2 -66,2 
10.3 7,1 
12.1 -12,2 
20,5 -19,3 
1. 7 1,3 
38.5 -36,3 
37,0 -44.0 
7.5 -5,8 
24.5 23,2 
27.6 -29,6 
15,8 -14,2 
31.0 -31,4 
19.9 -25,9 
13.7 -15,3 
41,8 -48,9 
8.1 6,1 
12.2 -14,3 
8,8 -10,9 
9,3 -7.8 
22.3 -25,1 
8.5 -11.7 
27,2 -28,4 
3.4 -3,8 
12.0 -12.4 
10,4 -10,1 
27,5 -34,8 
6,5 7,8 
13,9 -1s.o 
37,8 -41,9 
78.8 -80,2 
13.7 -13,7 
25.0 23,4 
15.2 -13,1 
36.9 -38,8 
40.5 -36,9 
8.7 7,4 
52,8 -5s.o 
9.4 7,3 
34.2 -34,2 
13.1 -14,7 
86,4 -88,8 
15.4 17,7 
34.5 -40,8 
36,2 -37,4 
10,5 -13,2 
20,5 23,3 
34,5 -37,7 
20,0 -15,3 
23,5 -25,8 
14.8 -13,8 
10.6 -10,7 
77,9 -81,4 
7.8 9, 7 
19,6 -16,8 
40.4 -40,1 
23,0 -28,4 
15.4 -14,8 
16,1 12,5 
32.4 -30,9 
9.4 -9.7 
30,4 -25,8 
9,3 -9,6 
4,2 4,2 
13.0 •16,5 
56.8 -55,1 
33,8 -30,2 
18.1 -19,9 
37 .o -33,2 
26.1 -23,7 
16,6 -15,3 
38,3 -40,4 
15.9 11,4 
3.5 -3,8 
11.2 -9,9 
4,5 4,9 
27.3 -24,8 
2,7 -3,2 
1.8 -1,7 
h " t 
41U 
•w 
11 4 
-4 0 4 
-6 0 
-8 0 4 
-10 0 4 
-14 0 4 
-16 0 4 
-5 1 
-7 
-9 1 4 
-13 1 4 
-15 1 4 
-17 1 4 
-19 4 
-21 1 4 
-2 ' 
-4 2 
-6 2 4 
-8 2 4 
-10 2 4 
-14 2 4 
-16 2 
-20 2 4 
-1 3 4 
-5 3 4 
-9 3 4 
-13 3 4 
-15 3 4 
-17 3 4 
_, 4 
-8 4 
-10 4 
-12 4 4 
-14 4 4 
-16 4 4 
-18 4 4 
-20 4 
-5 5 
-13 5 4 
-15 5 4 
-17 5 4 
-2 6 4 
-4 6 4 
-8 6 
-14 6 4 
-16 6 4 
-5 7 4 
-11 7 4 
-15 7 4 
-17 7 4 
-4 8 4 
-8 8 4 
-14 8 4 
-16 8 4 
-5 9 4 
-7 9 4 
-9 9 4 
-11 9 4 
-13 9 4 
-2 10 4 
-4 10 4 
-8 10 4 
-10 10 4 
-1 11 4 
-5 11 4 
10 0 5 
14 0 5 
1 5 
3 1 ' 
' 1 7 1 
9 1 5 
13 1 5 
' ' 4 ' 6 2 
12 2 5 
3 3 5 
' 3 5 
11 3 5 
13 3 5 
17 3 5 
0 4 ' 
' 4 5 
4 4 ' 
6 4 
10 4 
3 5 5 
5 5 5 
7 5 ' 
Fo 
Jo.l -31,4 
:J,I:I 4,1 
12.8 -1:>,5 
64.7 65,5 
9.1 9.2 
76,3 -77.5 
17.5 -13.4 
23.3 -23.1 
31,9 32,7 
82.1 -82.8 
24.5 27.0 
25,8 -26,2 
16.0 15,2 
15,6 15,2 
39,1 -37.0 
8,2 7,1 
2.1 -2,0 
10.9 -11,3 
42.5 41,6 
6,8 -5,0 
54.7 -56,6 
11.9 -15,3 
22.8 -25.0 
37,8 36,4 
9.6 -13,3 
6,2 4,7 
66.5 -69,5 
13,6 -15,9 
26.3 24,2 
16,6 16,2 
46,1 -43,0 
8,4 -9,3 
36,4 -39,4 
u.o -10,5 
9,5 12.1 
23.1 -25,4 
39,0 34,8 
5.4 -5,2 
13,2 -13.8 
58,1 -59,0 
19,7 19,1 
10.5 11,2 
37.9 -34.8 
10,6 -10,0 
29.5 32,4 
41.1 -43,6 
17.3 -18,8 
24.7 22,5 
44,5 -47,1 
11,8 -11,4 
9.0 6.4 
22,1 -20,9 
23.1 25,6 
34.8 -37.2 
14.8 -12,6 
14,9 15,8 
31.1 -32,2 
5,9 6,7 
10,9 -8.7 
8,7 -7,3 
8.1 8,5 
12,3 -10,1 
11,4 10,6 
19.7 -19,5 
3,3 -3.2 
2,2 2,5 
21.4 -19,8 
13,4 -12,1 
9,3 7,1 
24,5 -29,9 
25.9 28,6 
15,6 13,7 
26,0 24,2 
19.5 -16,7 
28.0 -29,2 
7.8 6,8 
12,9 -8,9 
13.0 14,7 
1,5 1.4 
17.3 19,2 
22.2 22,7 
9,1 -9,0 
22.2 -18,5 
6.3 4.6 
17.8 -18,8 
8,7 6,2 
14.9 -16,8 
21,6 21,5 
8,0 -9,2 
17,3 17,2 
13.2 17,1 
10.1 9,0 
h k 
11 .j 5 
13 5 5 
' 6 ' 
4 6 ' 
14 6 5 
1 7 ' 
7 7 ' 
9 7 ' 
0 8 ' 
9 
0 10 
2 10 5 
-2 0 5 
-8 0 5 
•17 1 5 
-2 2 5 
-6 2 5 
•10 2 5 
-1 3 5 
-3 3 5 
-4 4 5 
-14 4 5 
-13 5 5 
-17 5 5 
-2 6 5 
-16 6 5 
-1 7 5 
-7 7 5 
-4 8 5 
-1 9 5 
-3 9 5 
-11 9 5 
-2 10 5 
2 0 6 
14 0 8 
3 6 
7 6 
11 6 
13 6 
4 ' 6 
6 ' 6 
. ' ' 10 2 6 
14 2 6 
7 3 6 
9 3 6 
9 ' 6 
3 7 6 
-4 0 6 
-12 0 6 
-14 0 8 
-5 1 6 
-17 1 6 
-10 2 6 
-14 2 6 
-1 3 6 
-15 3 6 
-2 4 6 
-14 4 6 
-5 5 8 
-7 5 6 
-8 6 6 
-12 6 6 
-1 7 6 
-5 7 6 
-7 7 6 
-6 8 6 
-8 8 8 
-3 9 6 
4 0 7 
9 1 7 
8 ' 7 
7 3 7 
2 4 7 
1 ' 7 
7 ' 7 
-6 0 7 
-8 o 7 
-12 0 7 
-14 0 7 
-1 1 7 
-7 1 7 
-9 3 7 
-8 4 7 
-10 4 7 
•12 4 7 
-2 6 7 
-8 6 7 
FO Fo 
8.5 -7,8 
15.0 -15,1 
4.9 5.2 
5,7 -5,9 
2.4 3.2 
13,7 -15.0 
16.0 13.7 
9.4 -10.6 
4.4 5.0 
7.1 -8.0 
3.2 -3.2 
2.1 2,5 
6.2 7. 7 
14.2 -15,7 
8.9 s'.2 
16.4 16,7 
29.5 29.0 
11.3 8,3 
17.1 -17,2 
14.0 •15,7 
2,7 1,4 
14.8 16.0 
2,5 -3,2 
7.3 6,4 
7.8 8,2 
10,3 8.0 
1.2 -o,5 
11.9 13,7 
8,2 7,8 
2.2 -2.4 
1.5 -1.4 
2,7 2.8 
6,0 5,9 
25.2 26,3 
13.0 15,4 
4.3 4,2 
18.6 22.0 
7.2 8,2 
18,6 21,6 
38.9 38,6 
27.5 -27,4 
2,7 2,5 
10.3 9,9 
9.7 12,3 
20,1 18,4 
10.0 -7.4 
9.1 -6,2 
3, 7 3,6 
5.7 5,3 
10.7 10,8 
16.1 17,6 
34.8 35,15 
19.8 21,6 
20.7 17,4 
18,8 17,5 
9.2 8,3 
16.5 -21.0 
14.9 19,4 
15.0 16,3 
22,7 27,6 
14.0 13,5 
27,8 25,1 
3.6 3,5 
10.1 10,0 
22,7 22.2 
7.9 7,7 
18.3 -16,2 
17.3 21.2 
12.8 -9,2 
7.1 -7,6 
26.0 27,7 
1.8 -2,4 
1.5 -0,9 
2,6 -3.2 
7.3 4,5 
1.3 -1,3 
13.1 12,8 
1.4 -1,5 
30.1 29,9 
7.5 -6,7 
1,5 0,7 
4.8 -6.0 
2.3 2,3 
5.5 -4,3 
4.9 -3,3 
14,5 18.7 
1.5 1,2 
2.4 -2.1 
10'5 
TABLE 5. Agreement analysis 
Fobs number of R sin e number of R Layer number of R 
planes planes planes 
0 - 5 67 15.8 o. o-o. 1 2 6.4% hkO 77 7-7% 
5 -10 141 18.6 0.1-0.2 12 8.7 hk1 225 8.8 
1 0-15 149 13.5 0.2-0.3 30 8.2 hk2 192 8.9 
15-20 110 11.8 0.3-0.4 61 7-9 hk3 192 10.5 
20-25 92 1 o. 1 0.4-0.5 87 7.6 hk4 117 7.2 
25-30 66 1 o. 5 o. 5-0.6 130 7-7 hk5 58 11.0 
30~35 54 7.2 0.6-0.7 138 1 o.4 hk6 36 11.3 
35-40 47 7-7 0.7-0.8 152 1 o. 2 hk7 19 12.7 
40-45 44 8.7 0.8-0.9 194 1 o.4 
45-50 21 1 o. 4 0.9-1.0 110 11.7 
50-55 22 7. 1 
55-60 17 6.8 
60-65 9 5. 1 
65-70 14 3.8 
70-75 15 7-5 
75-80 5 10.0 
80-85 4 3-7 
85-90 3 6.3 
90-95 6 7.0 
> 95 30 6.8 
\07 
as described in Section II. 
Bond lengths and bond angles, together with their standard 
ileviation.s, are given in Tables 6 and 7. 
13. Discussion. 
Two independent types of molecule are contained in the unit 
cell. Figure 3 shows the packing of molecules in the unit cell in the 
'· 
Io,o,1] projection, and a view of one molecule is given in Figure 4. 
Hydrogen atoms have been omitted from these diagrams. The two phosphorus 
atoms are almost vertically above each other up the c axis. The two 
methyl groups and one sulphur atom attached to each phosphorus atom are 
roughly tetrahedrally distributed, and the whole molecule has a 
non-eclipsed ethane-like structure. There is nearly a 3-fold axis and 
nearly a 6-fold inversion axis in the molecule, and it is probable that 
the tendency to twinning of crystals is due to the molecule adopting a 
different but related position in the lattice. The almost hexagonal 
symmetry of the hkO Weissenberg photograph is also due to the atomic 
arrangement. 
The mid-point of the P - p· bond in molecule I lies on the 
crystallographic centre of symmetry at the origin of the unit cell, so 
the molecule itself is centrosymmetric. Molecule II is nearly 
centrosymmetric and the mid-point of the P - P bond lies in the mirror 
plane at y/b = 0.5. This is not a crystallographic centre of symmetry, 
so it is not surprising that the intensity distribution observed in the 
N(z) test tended towards the hypercentric case (Lipson and Woolfson, 1952). 
The observed P - P distanC'es of 2.245 R in molecule I and 
2.161 R in molecule II differ significantly from one another, and from 
the value·s of 2. 22 .R in tetra ethyl diphosphine disulphide (Dutta and 
Woolfson, 1961), and 2.21 .R in 1,2-dimethyl-1,2-diphenyl diphosphine 
disulphide (l'lhcatley, 1960), bis(cyclotetramethylene) diphosphine 
disulphide (Lee and Goodacre, 1969; see Section III) and bis(cyclo-
TABLE 6, 
Bond 
P(1)- P(1) 1 
P(2) - P(3) 
P(1)- S(1) 
P(2) - 8(2) 
P(3) - 8(3) 
P(1)-C(1) 
P(2) - C(2) 
P(3) - C(3) 
TABLE 7. 
8 ( 1 ) - P ( 1 ) -c ( 1 ) 
8(2)-P(2)-C(2) 
8(3)-P(3)-C(3) 
8(1 )-P(1 )-P(1 )' 
8(2)-P(2)-P(3) 
8(3)-P(3)-P(2) 
C(1)-P(1 )-P(1 )' 
C(2)-P(2)-P(3) 
C(3)-P(3)-P(2) 
C(1 )-P(1 )-C(1 ) 1 
C(2)-P(2)-C(2)' 
C(3)-P(3)-C(3) I 
Bond lengths and their standard deviations 
Distance 
2.245 ~ 
2. 161 
1.951 
1 .970 
1.965 
1.80 
1.82 
1.82 
~ 
o.oo6 ~ 
o.oo4 
0.003 
o.oo4 
o.oo4 
o.oos 
o.oo8 
0.007 
Bond angles and their standard deviations 
Angle 
115.0° 
114.0 
115.9 
111 . 2 
11 2. 1 
111.9 
105.6 
1 o4. 7 
103.9 
103.5 
1 o6.6 
103.9 
<1'" 
0.3° 
0.3 
0.2 
0.2 
0.2 
0.2 
0.3 
o.4 
0.3 
0.4 
0.4 
0.3 
FIGURE 3. Packing of the molecules in one unit cell 
as seen down [0,0,1] 
a sinj3 
109 
b 
I \o 
FIGURE 4. A view of one molecule 
pentamethylene) diphosphine disulphide (Lee and Goodacre, 1970; see 
Section IV). 
· The lengths of the P - s· bonds differ significantly and are 
1.951 .l1. in molecule I and 1.970 .R in molecule II. These bonds are 
shortened by back bonding from a full sulphur p orbital to an empty 
phosphorus d orbital. These values may be compared. with the values of 
.. 
1.94- R in tetraethyl diphosphine disulphide, 1.98 .R in 1 ,2-dimethyl-1 ,2-
diphenyl diphosphine disulphide, 1.95 .l1. in bis(cyclotetramethylene) 
diphosphine disulphide and 1.95 .l1.. in bis(cyclopentamethylene) diphosphine 
disulphide. The sum of Pauling's (1960) double bond radii for phosphorus 
and sulphur ia 1. 94 X, which when corrected for the difference in 
electronegativity (Schomaker and Stevenson, 194-1; see also Section II) 
gives a distance of 1.92 .l1.. for this bond. 
The P - C distances of 1. 80 .l1.. in molecule I and 1. 82 .R and 
1.82 .R in molecule II differ by two standard deviations, but are close 
to the values of' 1.82 .Rand 1.84- i in tetraethyl diphosphine disulphide, 
1.82 .R in 1,2-dimethyl-1,2-diphenyl diphosphine disulphide, 1.82 .R in 
bis(cyclotetramethylene) diphosphine disulphide and 1.81 .R in bis(cyclo-
pentamethylene) diphosphine disulphide. The sum of the Pauling (1960) 
single bond radii for phosphorus and carbon is 1 • 872 i, vrhich when 
corrected for the di.fference in electronegativity (Schomaker a~d 
Stevenson, 194-1; see also Section II) gives a bond .length of 1.84- i. 
The distribution of bonds round each phosphorus atom is 
essentially tetrahedral. The aulphur atom is large, and because of 
x bonding is rather close to the phosphorus atom and causes some 
distortion. Because of repulsion bet1veen sulphur and the other three 
atoms bonded to phosphorus, the three bond angles S - P - C, S - P - C 1 
and S -P-P' are all greater than tetrahedral (115.0°, 115.0°'and 111.0° 
round P(1); 114-.0°, 114.0° and 1.12.1° round P(2); and 115.9°, 115.9° and 
111'. 9° round P(3)). The remaining three bond angles round each 
I I I 
phosphorus atom are consequently less than tetrahedral. 
The observation that the P( 1) - S ( 1) bond in molecule I is 
shorter than the comparable bonds P(2) - S(2) and P(3) - S(3) in molecule 
II may be partly due to molecular crowding of S( 1) by non-bonded hydrogen 
atoms. The distances between S(1) of the central molecule and !-1(21) 
repeated at -x,-y,1-z; and -x,y,1-z; are both 2.84 i. These cannot be 
' 
'• 
considered to be hydrogen bonded since they involve an S ••• H - G angle of· 
67°, but the distances are significantly short. Taking the Pauling 
( 1960) values for van der Waals' radii of sulphur = 1. 85 i and hydrogen = 
1.20 i, the minimum non-bonded. s .•• H contact would be 3.05 i. It has 
been suggested by several workers that the van der 17aals radius for 
112. 
sulphur should be 1.72 to 1.73 R (Fava Gasparri, Nardelli and Villa (1967); 
Nardelli, Fava Gasparri, Giraldi Battistina and Domiano (1966); .. Zdanov 
and Zvonkova (1950); van der Helm, Lessor and !.!erritt (1960); Lee and. 
Bryant (1969 (a) and (b))). Even using the smaller radius for sulphur 
these s ..• H contacts are still short. The structure contains· numerous 
non-bonded s .•. H contacts of 2. 91 .R, in agreement with the smaller van 
der·Waals radius. 
There is no simple explanation of the differences in the 
. observed. lengths of P - P and P - G bonds in molecules I and II. 
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SECTION VI 
THE CRYSTAL AND MOLECULAR STRUCTURE OF 
2 ,5-DITHIO 1-CHLORO 1-TIITOP!!OSPHORUS(V)CYCLOPENl'ANE 
1 • Introduction 1\4-
2. Optical examination of crystals 114-
3. Crystal density • 114-
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6. Cell size and contents llb 
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9. Phase determination 117 
10. Three-dimensional E-map \'2.~ 
11. Three-dimensional structure refinement \2.3 
12. Discussi"n 1'2.~ 
; 
1. Introduction. 
The determination of the structure of 2,5-dithio 1-chloro 
· 1 '-thiophosphorus(V) cyclopentane: 
was undertaken as part of the investigation of structures containing 
P - S bonds, and to confirm the structure and explain the n.m.r. data for 
a group of new compounds of the type: 
s, /S-CH2 
p I 
R/ ""-s-cH 
2 
prepared by Professor R. Schmutzler and his eo-workers (Peake, Fild and 
Schmutzler, 1970). 
2. Optical examination of crystals. 
Crystals of 2,5-dithio 1-chloro 1-thiophosphorus(V)cyclopentane 
were prepared and provided by Mr. s, C. Peake (Loughborough University). 
Recrystallisation from a mixture of diethyl ether and petroleum ether 
gave colourless crystals (melting point 45°C) in the form of pseudo-
hexagonal blocks. A tendency of the. crystals to twinning was observed. 
Examination of a single crystal under the polarising microscope 
revealed straight extinction parallel to each crystal face, which 
indicated that the crystal system was orthorhombic. 
3. Crystal density. 
The crystal density was measured by the method of flotation. 
Because of the rather high density of the crystals, mixtures of methyl 
iodide and carbon tetrachloride were used. The crystals dissolved 
rather readily in these mixtures, but rapid determinations enabled a 
reasonably acclirate result to be obtained. The density of the flotation 
liquid in which the crystals neither sank nor floated was measured by 
means of a Westphal balance, -3 The value thus obtained was D = 1.75 g,cm, 
m. 
4. X-ray photography. 
Initially, single crystals were mounted with shellac and 
Durofix on glass fibres, but after a number had come unstuck part way 
through the preliminary photographic investigation (and during collection 
of intensity data), it was decided to mount a crystal in a thin-walled 
Pyrex capillary tube. It is suspected that the crystals became unstuck 
because of sublimation or hydrolysis with atmospheric moisture. 
Eventually a single crystal of approximate dimensions 0.28 mm. x 0.19 mm, 
x 0.19 mm, was used in the preliminary investigation, and to collect data 
along the crystallographic a axis. 
A 180° oscillation photograph showed symmetry along the 
direction of each layer line, and between +n and -n layer lines, This 
indicated that the crystal was monoclinic mounted about the unique axis, 
orthorhombic, or of even higher symmetry, . Symmetry was observed about 
each axial row on 200° zero and first layer Weissenberg photographs, 
which confirmed the crystal system As orthorhombic. 
5. Space grouo, 
When the zero and first layer Weissenberg photographs were 
.indexed, the following reflexions were found to be systematically absent: 
hkt- no absence 
Okt. absent when k = 2n + 1 
hOt, absent when l.. = 2n + 1. 
· hkO absent when h = 2n + 1 
OkO (absent when k = 2n + 1) 
ooe.. (absent when Q... = 2n + 1) 
The brackets imply that the absence is already accounted for in a more 
general condition. The hOO reflexions were not observe~ because a was 
the axis of rotation, but the space group is still uniquely determihed· as 
( 15 Pbca n2h, No.61; International Tables, 1965). 
6. Cell size and contents. 
• 
Lattice parameters were first measured from high order 
reflexions on the oscillation and 1'/eissenberg photographs, and these were 
then refined on a Stae diffractometer, as described in Section II. 
The number of molecules per unit cell was calculated from the 
equation: 
D.N .U 
0 z = ---;::7---
1024.11 
The measured density of' 1. 75 g. cm73 corresponds to 8 molecules per unit 
cell, for which the calculated density is 1. 74.2 g.cm:3 It follows that 
molecules must occupy eight-fold general positions in the space group 
Pbca, and there is no molecular symmetry (International Tables, 1965). 
Crystal data for 2,5-dithio 1-chloro 1-thiophosphorus(V)cyclo-
pentane are summarised below. 
7. Crystal data. 
ClS3PC2H4
, M= 190.68 
Orthorhombic, a = 11 .095 1, b = 1o.288 1, c = 12.7391, a11 ± o.oo3 1. 
~ .. ~ . ~ U = 1454.1 A , Z = 8, D = 1 • 75 g. cm. , Dc = 1 • 742 g. cm. 
. m 
6 -1 FGOO = 352, Jl = 134. cm. 
CuKa1 , A= 1.54051 1; CuKa2, A = 1.54433 1. 
Space group Pbca (No.61). 
a·. Collection of intensity data. 
Three-dimensional equi-inclination Weissenberg data for the 
layers Okt. to 11kt were collected from the same crystal as before using 
the stae diffractometer. The measured data were converted to I and I Fol 
as described in Section II, using a computer program written by 
Dr. D. R. Russell (Department of' Chemistry, University of Leicester) and 
adapted by Dr. J. D. Lee for an ICL 1905. compute~. Excluding system-
atically absent reflexions, all independent ref'lexions within the 
physical limits of the diffractometer were' measured, but those for which 
11 b 
I \""7 
the term IFol/criFol was less. than 5 were considered unobserved (see 
Section II). Of the 1397 reflexions·measured, 940 were considered 
significantly above background and. v1ere treated as observed reflexions. 
No corrections were made for absorption or extinction. 
9. Phase determination. 
This structure was used to acquire experience with the 
automatic application of the direct method of phase determination. A 
set of computer programs for symbolic addition written by Dr. S. R. Hall 
and Dr. F. R. Ahmedt as part of the NRC system of programs for the 
IBM 360 computer by Ahmed, Hall, Pippy and Hub er ( 1966) were adapted for 
use on an ICL 1905 computer. 
All the 1397 measured reflexions were included in the structure 
Unobserved reflexions.were given a value of !Fol = 0.5, determination. 
which corresponded to approximately half the minimum observed structure 
amplitude on the absolute scale.· It·was assumed that all the layers of 
data 1vere on the sane relative scale because of the method of data 
collection. 
Firstly the overall scale factor and overall temperature factor 
were estimated using a Wilson plot (Wilson, 1942), in a similar manner to 
the method described in Section IV.12. The computer program summed the 
theoretical an~ observed scattering powers over equal ranges of sin>e 
(i.e. over equal volumes of reciprocal space), and a linear least squares 
best fit was calculated for the mean values: 
< M[mf6.~1 f~J> 2 log .J- J and ( sin El > 
e < 1ikiFol 2 ) 
over all quadrants of the reciprocal lattice. The term N 2 .I:1f. is the sum J= J 
of the squares of the scattering factors of all the N atoms in the full 
unit cell at the value of sin0/A being considered, m is the reflexion 
multiplicity, }5 is a factor to allow for systematic absences, and );[ is the 
number of reflexions in each range. The atomic scattering factors used 
• 
were those of Hanson, Herman, Lea and Skillman (1964), but the curves for 
chlorine, sulphur and phosphorus were corrected for the real part of 
anomalous dispersion (Daubcn and Templeton, 1955), as described in 
Section II. The summations were performed over all the non-equivalent 
measured reflexions, but did not include those reflexions systematically 
absent due to the space group symmetry. Because of mechanical 
limitations in data collection zome high order. reflexions were not 
included, so the contributions to the least squares sums were weighted 
according to the number of reflexions in each range. Ten equal ranges 
of sin3e were used, but to improve the statistics of the Wilson plot these 
were successively overlapped to form nineteen ranges. The straight line 
relationship: 
1vas used. to calculate the overall scale factor and the overall isotropic 
temperature factor as: 
overall scale factor K = exp(Aa/2) 
overall temperature factor B = A1A
2/2. 
The overall scale factor is the value by which the unsealed IFojvalues 
should be multiplied to bring them on to the. absolute scale. The observed 
points are shown in Figure 1, together with the straight line computed by 
the least squares procedure. The value of the overall scale factor 
estimated in this way was 8.1, and the overall isotropic temperature 
factor was B = 3.5 R2• 
Normalised structure factors were then calculated for all 
reflexions, using the equation: 
IEI = [K2exp(2B.s~n2eb2)l'i .IFol 
. ~ fj J 
and the 202 reflexions with IEI values greater than 1.4 were sorted in 
descending order of IEI. The distribution statistics of the calculated 
7 FIGURE 1. Wilson ·plot 
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normalised structure factor amplitudes IEI are compared in Table 1 with 
the theoretical values for centrosymmetric and non-centrosymmetric 
structures as calculated by Karle, Hauptman, Karle and Wing ( 1958). 
Phase determination by symbolic addition procedure for centre-
symmetric structures was first applied by Karle and Karle (1963) and was 
subsequently described in more detail by Karle and Karle (1966). In the 
programs used the list of 70 reflexions h~ving !El values greater than . 
2.0 were searched for triplets which obeyed the ~2 relationship. These 
were for use in the first stage of the sign determination. A second ~2 
search was performed for triplets involving the full list. of 202 reflexions 
with !El values of 1.4 and above, for use in the second stage of the 
sign determination. 
The three linearly-independent reflexions required to define 
the·origin of the unit cell (Hauptman and Karle, 1953, 1959) were 
selected automatically by the computer program as the 5,8,7; 6,9,9; and 
1 , 9, 7 reflexions. These 1vere the first, eighth and fourteenth 
reflexions respectively in the list of descending IEI values. Their 
signs were assumed to be positive. 
The signs of structure factors were estimated in two stages • 
. In the first stage, the signs of the largest IEI values (those above 2.0) 
were estimated using single E-triplets. When two reflexions of a 
triplet satisfying the ~2 relationship were signed, the tentative sign of 
the third reflexion was calculated as the product of the first two. Ir. 
the early stages, tentative signs were accepted only if their probability 
was relatively high. The probability of the newly determined signs was 
calculated from the sums: 
rather than from the full probability e::q,ression given by Woolfson ( 1954) 
I 'l-1 
Table 1. Distribution statistics of the j Ej amplitudes 
Calculated for Theoretical for Theoretical for 
this structure centrosymmetric noncentrosymmetric 
< IEI> 0.790 0.798 0.886 
< IE21> 1.005 1.000 1.000 
< IE2- 11> 0.981 0.968 0.736 
!Ej)3 o.4 % 0.3 % 0.01 % 
IE[)2 5.0% 5.0% 1.8 % 
lE l>1 30.4% 32.0% 37.0% 
and Cochran and Woolfson (1955): 
• 
-3/2 The term o3o2 may be calculated from the equations: 
2 
o2 =I:Z. j J 
3 
o3 = 1 zj 
where the sum is over all the atoms in the full unit cell, and Z. is the 
J 
atomic number of atom j. For this structure the value of o3o;3/ 2 
was 0.148. 
An automated procedure searched for triplets involving two of 
the three origin defining ref'lexions and one other ref'lexion, in an 
attempt to find a tentative sign for the unsigned ref'lexion. The 
· minimum acceptable probability limit was reduced in steps from 8.0 -
7.5 - 7.0. The search was repeated after each step with the ref'lex:i.ons 
with acceptable tentative signs included in the list of signed refiex:i.ons. 
When no more tentative signs could be accepted, a strong reflex:i.on with 
a large number of associated E-pairs was assigned the symbol A, and the 
search for acceptable tentative signs was repeated with this reflex:i.on 
added to the list. The probability limit was reduced in steps from 
6.5 - 6.0 - 5.5. In the same way two more symbols B and C were assigned 
when necessary, with probability limits set at 5,0, 4.5 and .4.0 for 
symbol B, and 3.5, 3.0 and 2.5 for symbol C. The minimum acceptable 
limit used was 2.4, which corresponds to a probability of greater than 
98%. From the accumulated information about the signs of the 70 
reflexions it was obvious that the sign of A was +, B was - and C was - • 
This gave the signs of 65 of the 70 ref'lexions, without giving any 
contradictions in the I:2 relationships between them •. 
In the second stage of the estimation of structure factor 
signs, the signs of the largest lE I values already determined were 
applied directly to ~2 related triplet sets associated with smaller lE I 
values (down to 1.4). The minimum acceptable limit was set at 1.75, 
which corresponds to a probability of 97%. This produced signs for 109 
of the 132 reflexions ;vith IEI values between 2.0 and 1.4. 
10. Three-dimensional E-map. 
A three-dimensional E-map was computed with the total of 174 
signed reflexions, using the E values instead of Fo values in the Fourier 
summation. The calculation was performed on an ICL 1905 computer, using 
the Fourier program of the NRC system of computer programs. 
The three-dimensional electron density expression for the space 
group Pbca is given in International Tables (1965) as: 
a r 00 
J-'(J:!Z) = Vo l JJo 00 o> (h+k=2n, k+~2n) E E F(hkt) cos2nh.X cos2nkY cos2nlZ k=O .u;o 
(h+k=2n, k+t:2n+1) ;j0 F(hke) cos2nh.X sin2nkY sin2n~ "" ., - h~O k~ 
.. .. 
- h~O k~O 
~ (h+k=2n+1, k+e=2n) 
~O F(hkQ.) sin2nh.X cos2nkY sin2~ 
.. "" ., (h+k=2n+1, k+~2n+1) } 
- JJo k~O Jb F(hl~) sin2nhX sin2nkY cos2itllz (electrons).i-3, 
wherejO(XYZ) is the electron density at a point in the unit cell having 
fractional coordinates X,Y,Z; and Vc is the unit cell volume 
(International Tables, 1965). The terms in brackets above each line of 
the expression signify the type of reflexion which applies in each case. 
Thus, for example, the 3,2,2 reflexion wou.1d only contribute to the 
summation in the third line. 
TheE-map resulting from the 174 signed reflexions gave 
unambiguous positions for the chlorine, sulphur and phosphorus atoms, and 
possible positions for the carbon atoms were indicated. 
11. Three-dimensional structure refinement. 
All calculations were carried out on a 321C ICL 1905 computer, 
using the Loughborough University X-ray (LUX) system of FORTRAN programs 
< 
. 
which comprises adaptations of many of the well known NRG programs 
• (Ahmed, Hall, Pippy and Huber, 1966), a substantially rewritten and 
extended version of the full matrix least squares refinement program 
ORFLS (Busing, Martin and Levy, 1962) called LEE-ORFLS, together with 
other programs of local origin. 
The atomic scattering factors used in the calculations were 
those of Hanson, Herman, Lea and Skillman (1964), but the curves for 
chlorine, sulphur and phosphorus were corrected for the real part of 
anomalous dispersion (Dauben and Templcton, 1955), in the manner 
described in Section II. Reflexions treated as unobserved were omitted 
from the structure refinement. 
The expressions for the calculation of structure factors for 
the space group Pbca are given in International Tables (1965) as: 
when h+k = 2n and k+e, = 2n ; A= 8 cos2nhx COS2Jl.1cy cos2n.h, B = 0 
when h+k = 2n and k+t.= 2n+1 A= -8 cos2nhx sin2nky sin2ntz, B = 0; 
A=B=O if k = 0 or e. = 0 
when h+k = 2n+1 and k+ e.= 2n A = -8 sin2nhx cos2ru~ sin2ntz, B = 0; 
A= B: 0 if h = 0 or L= o 
A = -8 sin2nhx sin2nky cos2nQz, B = 0; 
A=B=O if h = 0 or k = 0. 
The computer programs in the LUX system use a generalised structure 
factor expression which may be applied to any space group, and symmetry 
information is supplied by the user for the required space group. This 
information is given as the fractional coordinates of equivalent positions 
generated by the symmetry. In the space group Pbca, an atom at x,y,z is 
repeated at -l+x,-1-y,z; and also at the 
centrosymmetrically related positions x,y,z; ~-x,i+Y,z; x,i-Y,i+z; and 
1_+x,y ,1_-z (International Tables, 19G5). . Vli th symmetry relations treated 
in this way, it is only necessary to calculate structure factors for the 
atoms in one asymmetric unit. In this case the asymmetric unit is one 
eighth of the unit cell, and comprises one whole molecule, 
A structure factor calculation was performed on the chlorine, 
sulphur and phosphorus atoms in the positions suggested by the E-map. 
The· overall scale factor was obtained from the 17ilson plot, and isotropic: 
temperature factors of 4.0 R2 for the chlorine and sulphur atoms, and 
2.0 R2· for the phosphorus atom, were assumed, This gave an initial 
agreement factor of R ; 37,3%, and on refining the overall scale factor 
and positional parameters by least squares using unit \<eights, R fell to 
27.9% after one cycle, 
At this stage a heavy atom Fourier summation was performed, 
This showed. the positions of the carbon atoms better than the E-map, 
although the t\vo maps were in reasonable agreement, A bond length and 
angle calculation showed that the positions obtained for the carbon atoms 
were reasonable. 
When the carbon atoms were included in a structure factor 
calculation \vith isotropic temperature factors or· 6,0 R2·, and interlayer . 
scale f'actors were obtained from the sums of IFol and IFcj for each layer, 
R fell to 19.8JG. Interlayer scale factors were not allowed to refine 
subsequently. The positional parameters and isotropic temperature 
factors of all the atoms were allowed to refine for one cycle using unit 
weights, and the reliability inder further reduced to 17.8%. A bond 
length and angle calculation 1vas automatically performed by the lea-st 
squares computer program at this and at each subsequent stage of the 
refinement, to check that the refined atomic positions were reasonable. 
This calculation shmved. no unexpected features at this stage, 
In subsequent cycles of least squares refinement a Cruickshank 
type of weighting scheme: 
1 
w = --------~------~ 
A+ BIFol + ciFol 2 
(Cruickshank, 1965) was used, Suitable values of the constants A, B and C 
vtere obtained from the results of the agreement analysis at R = 17.~f 
(calculated. automatically by the· program LEE-ORFLS), using the computer 
program described in Appendix·III. The interlayer scale factors were 
corrected from the sum~ of !Fol and IFcl, and. the positional and isotropic 
thermal parameters for each atom were further refined, After one cycle 
using the Cruickshank type of weighting scheme, the reliability index fell 
to 17. 7f., 
The temperature factors B of the chlorine, sulphur and phosphorus 
atoms were automatically converted by the least squares program to their 
equivalent anisotropic p values, assuming isotropic motion, by means of 
the equations: 
B *2 
p11 
.a 
= 4-
p22 
B.b*2 
= 4-
B *2 
p33 
.c 
= 4 
p12 = p13 = p23 = o. 
The six anisotropic temperature factors of the chlorine, sulphur and 
phosphorus atoms were allowed to refine, together with the positional 
parameters for these atoms, and positional and isotropic thermal 
parameters for the carbon atoms, <f/ After two cycles R fell to 12.11'. 
After ~10 further cycles of refinement using scale factors corrected 
from the sums of IFol and IFcl, the reliability index. converged at 
R = 11.4,%. 
The positions of the methylene hydrogen atoms were calculated 
in the manner described in Section III.15, using the proe;ram BONDLA in 
the X-ray 63 system of computer programs on the SRC Atlas computer at 
Chilton. The hydrogen· atoms were placed at a distance of 1.075 R from: 
the carbon atom to vrhich they were attached, and an approximately 
; 
tetrahedral arrangement was assumed. To confirm this choice of 
hydrogen positions, a difference Fourier map was computed, using 
(Fo - Fe) values instead of Fo values in the Fourier summation. 
Since the atomic scattering factor curve of hydrogen falls off rapidly 
with increase in sine, there is very little contribution from hydrogen 
to the structure factors of high order reflexions. Reflexions having 
sine greater than 0. 7 vrere therefore excluded from the calculation of 
the difference map, to improve the appearance of peaks due to hydrogen 
at.oms. The resulting map was relatively featureless, except for small 
positive peaks in the regions around the calculated positions for the 
hydrogen atoms. The calculated coordinates were therefore taken as 
correct. 
He1~ constants for the Cruickshank type of weight equation 
were computed, and some punching errors in the observed data were 
corrected. The hydrogen atoms 1vere included in the calculations with 
isotropic temperature factors of B = 6.0 .R2, but the hydrogen parameters 
were• not refined. The carbon atOII)S were converted to anisotropic ~ 
values, and all the parameters of the chlorine, sulphur, phosphorus and 
carbon atoms were allowed to refine. The scale factors were initially 
.corrected from the sums of jFoj and lFcj, and after four cycles of 
refinement a reliability index of R = 8.9% was obtained. 
New weight constants were calculated for the last time, fZ'om 
the results of the agreement analysis at R = B.<JJ~. The values of the 
constants obtained were A= 2.245, B = -0.153, and C = 0.0047. The use 
of a negative value for B causes the curve of w against jFoj to pass 
through a maximum, and prevents extremely weak reflexions with a large 
experimental error being given excessively high weights. 
The positions of the hydrogen atoms v1ere recalculated from the 
more up to date positions of the carbon atoms. Two final cycles of 
refinement were carried out, using corrected. values for the inter layer 
scale factors. The 9, 1, 2 reflc:xion, which had given consistently 
bad agreement and a large value of JWIIFol-jFclj of ap;ro:ximately 12, was 
excluded from the least squares matrix, but not from the calculation of 
R. There were no other l'leighted differences greater than 8.0. The 
reliability index converged at R = 8. 7.%. 
Further refinement was c·onsidered unnecessary, but hydrogen 
positions were recalculated and a final structure factor calculation was 
performed. When the interlayer scale factors were corrected, the final 
reliability index R = 8. 7fo was obtained, based on the 940 independent 
observed refle:xions. A difference Fourier map revealed no unexplained 
features. 
The final atomic coordinates and their estimated standard 
deviations are given in Table 2, the final calculated positions of the 
hydrogen atoms are given in Table 3, and the final temperature factors 
are shown in Table 4. The observed and calculated structure factors at 
R. = 8.7% are listed in Table 5, and an agreement analysis is shown in 
Table 6. 
The signs of the 174 refle:xions predicted by the symboliel' 
adP.ition procedure were compared with the final calculated signs. All 
but one of the predicted signs were correct, so the direct determination 
of the phases worked extremely well in this case. 
12. Discussion. 
A view of the molecule is shown in Figure 2. The packing of 
molecules in the unit cell as seen dmm (o,o,1] is given in Figure 3, 
with the hydrogen atoms omitted. The chlorine atoms appear very close to 
the phosphorus atoms in this projection. Bond lengths and bond angles 
together with their estimated standard deviations are given in Tables 7 
and 8. 
The phosphorus atom is approximately tetrahedrally surrounded 
by the atoms 3(1), 3(2), 3(3) and Cl. The bond lengths P - 3( 1) and 
Table 2. Final atomic coordinates and their estimated standard deviations 
Atom x/a xi£ ~ crx/a ~ 
Cl o.oo86 0.2349 0.5729 0.0003 0.0004 
8(1) 0.0533 0.3999 o.36o5 0.0003 0.0003 
8(2) -0.1217 o. 1587 0.3515 o.ooo4 0.0003 
8(3) o. 1764 o. 1 024 0.3899 o.ooo4 0.0003 
p o.o4o8 0.2127 0.4148 0.0003 0.0002 
C(1) -0.1078 0.4277 o.365o 0.0013 0.0013 
C(2) -0.1750 0.3210 0.3144 0.0014 0.0013 
Table 3. Calculated positions of hydrogen atoms 
Atom Bonded to x/a xi£ ~ 
H(1) C(1) -0.1357 0.4351 0.4456 
H(11 ) C( 1) -0.1280 o. 5171 0.3250 
H(2) C(2) -0.1663 0.3312 0.2307 
H(22) C(2) -0.2683 0.3292 0.3361 
The hydrogen atoms were assigned an isotropic temperature factor 
of B = 6.o R 2• 
o-z/c 
0.0002 
0.0002 
0.0003 
0.0003 
0.0002 
0.0009 
0.0010 . 
t3o 
Table q_. Final temperature factor parameters 
Atom t311 ' t322 1333 t312 13 13 1323 
Cl O.Q170 0.0183 0.0038 0.0002 o. 0011 0.0018 
S(1 ) 0.0137 0.0073 0.0058 -0.0016 o.ooo4 0.0011 
S(2) 0.0148 0.0099 0.0110 -o. oo35 -0. Oo45 o.ooo8 
S(3) o. 0151 o. 0119 0.0085 0.0043 -0.0012 -0.0018 
p 0.0105 O.Oo67 0.0042 -o. ooo6 -0.0005 -0.0002 
C(1) 0.0143 0.0122 O. Oo67 0.0034 -0.0014 -0.0019 
C(2) 0.0147 o. 0128 o.oo68 0.0021 -0.0009 0.0001 
TF = exp[ -[h2t3 11 2 2 } + k t322 + 1 t333 + 2hkt312 + 2hlt313 + 2klt323] 
TABLE 5. Observed and calculated structure factors 
h k 1 Fo Fe 
0 2 0 204.3-185.5 
a 4 a 91,4 -BI.s 
0 6 0 81.3 -77.2 
0 10 0 43.9 42.8 
0 12 0 7.4 4.0 
0 2 1 19.5 -21.2 
0 4 1 71.0 69,7 
0 8 1 27.3 -26,1 
0 10 1 9,6 -6.7 
0 12 1 15,8 15,4 
0 0 2 60.4 54.5 
0 2 2 76,1 -77.3 
0 4 2 82.9 81.4 
0 6 2 50.4 -48,2 
a 10 2 ro.s 10.2 
0 12 2 8,5 -10.5 
0 2 3 75,0 -76.9 
0 4 3 63.5 62.0 
0 6 3 16.8 -16.9 
0 8 3 16.1 14.0 
0 10 3 12.5 -11,6 
0 12 3 6.6 3,0 
0 0 4 321,2-348.1 
0 2 4 27.4 28.4 
0 4 4 100.8 97.5 
0 6 4 59.1 56.9 
0 10 4 34.1 -32.8 
0 12 4 7.4 -6.9 
0 4 5 71.4 -67.4 
0 8 5 60.5 55.7 
0 12 5 14.4 -17.2 
0 0 6 78.3 -71.3 
0 ·2 6 101.3 101.6 
0 4 6 106.0-107,2 
0 6 6 59.4 59.7 
0 10 6 16.3 -16,9 
0 2 7 52.3 52.6 
a 4 7 ts.a -1a.a 
0 6 7 9.5 14.1 
0 8 7 33.3 -32,0 
0 10 7 11.6 13.1 
0 2 8 87.4 91.0 
0 4 8 94.4 -97,2 
0 6 8 15.0 -15,4 
0 10 8 14,0 14,2 
0 2 9 35,7 35.5 
0 4 9 28.9 31.3 
0 6 9 13.7 12,1 
0 8 9 52.0 -54,3 
0 0 10 10.3 -10.1 
0 2 10 12.8 -14.8 
0 4 10 27.8 28,6 
0 8 10 9,0 -5.4 
0 10 10 6.2 6,5 
0 2 11 12.9 -15,5 
0 4 11 14.3 -16,4 
0 6 11 10,4 9.5 
0 8 11 17,3 16,9 
0 0 12 37.8 36,6 
0 2 12 54.2 -59.1 
0 4 12 42.7 47.4 
0 2 13 32.2 -33.4 
0 6 13 11.7 -10.3 
0 0 14 43.4 47.6 
0 2 14 24.2 -28.7 
0 4 14 11.4 14.1 
0 6 14 15,7 -15,5 
0 4 15 18,6 23,0 
1 1 1 11.3 -5,9 
1 2 1 51.9 45,7 
1 3 1 119.6 101.9 
1 4 1 32,4 29.9 
1 5 1 114,1-103.3 
1 6 1 9,9 7.9 
1 7 1 31.7 31,6 
1 8 1 35,1 -34.6 
1 9 1 16.0 -16,6 
1 11 1 24.3 24.4 
1 0 2 18.7 17.8 
1 1 2 176.9 166,6 
1 2 2 49.8 45.4 
1 3 2 168,4 157,7 
1 4 2 33.2 -30,8 
1 5 2 51.7 -50,1 
1 6 2 78.3 -77.0 
1 7 2 14.8 -16,2 
1 8 2 23,8 25,3 
1 9 2 46.4 -42.7 
1 10 2 39,0 39,6 
1 11 2 20.9 21.0 
12 2 10,5 -11.1 
1 1 3 48.3 -44,1 
1 2 3 8,1 6. 7 
1 3 3 25,9 -27,2 
h k 1 
1 4 3 
1 5 3 
1 6 3 
7 3 
1 8 3 
1 9 3 
1 11 3 
1 0 4 
1 1 4 
1 2 4 
1 3 4 
1 4 4 
1 • 4 
1 7 4 
1 9 4 
1 11 4 
1 1 5 
1 2 5 
1 3 5 
1 4 5 
1 5 5 
1 7 5 
1 8 • 
1 9 5 
110 5 
1 11 5 
1 0 6 
Fo Fe 
26,8 -24,9 
42.8 43,6 
9,8 -9.9 
38,7 39,0 
18.9 19.5 
29,4 -30.6 
13,4 -14.0 
95,8 93.6 
80,1 -77.0 
27.2 -27.2 
9,7 7.4 
20,5 -19,7 
13,4 15,2 
19,2 20,0 
25,6 -23.5 
19,1 19.2 
23,9 22,3 
42,9 -44.2 
59,1 -56,3 
28,4 -27.4 
57,9 58,3 
38,3 -39,4 
23.6 27.1 
26,2 26.7 
12.7 -8,9 
9,6 -13.3 
45,1 -42.3 
1 1 6 103,5 -99.0 
1 2 6 13,7 -14.4 
1 3 6 48,6 -52.9 
1 4 6 23,9 27.8 
6 6 31,4 32.8 
1 7 
1 8 • 
1 9 6 
1 10 6 
1 1 7 
1 2 7 
1 3 7 
6 36,0 37,1 
15,5 -14,0 
12.0 14.8 
20,5 -21,4 
53,3 51,7 
37.4 -38.7 
24,9 -25.8 
22,9 26,6 
67,3 -68.3 
44,8 50.8 
57.1 -54,1 
18.0 18.8 
9,6 10,1 
27.7 30,6 
1 4 7 
1 7 7 
1 9 7 
1 0 8 
1 1 8 
1 2 8 
1 3 8 
1 4 8 
1 • 8 
1 7 8 
1 9 8 
1 ll 8 
2 9 
1 5 9 
1 • 9 
1 0 10 
1 1 10 
1 3 10 
1 4 10 
5 10 
7 10 
1 11 
1 2 11 
1 3 11 
1 5 11 
1 7 11 
1 9 11 
1 0 12 
1 1 12 
1 3 12 
1 5 12 
1 2 13 
1 3 13 
1 5 13 
1 6 13 
1 7 13 
1 1 14 
1 3 14 
1 1 15 
1 4 15 
2 1 0 
2 2 0 
2 3 0 
2 4 0 
2 • 0 
2 6 0 
2 7 0 
2 9 0 
2 10 0 
2 11 0 
2 12 0 
2 1 1 
2 2 1 
2 3 1 
2 4 1 
11,6 15,5 
11.3 -14.7 
18,0 -16,2 
17,8 16.4 
12,0 -14.0 
30,7 33.5 
17.7 18.7 
16,6 -16.1 
17.1 16.8 
21.6 30.0 
13.1 14.2 
11,0 -17.2 
16,6 19.8 
29.1 -31.5 
29.3 -32.1 
20,7 25,3 
14,9 16.0 
10,6 7,1 
28.0 33.4 
18,2 -25.8 
14,5 14.9 
16.5 13.7 
32,6 -39,2 
19,6 18,4 
17.2 -17,3 
11 .a 2o.o 
29.6 -33.5 
9,1 11.9 
13,5 16.0 
14,5 13.7 
11.1 -16.7 
9,5 11.2 
6,6 -2.6 
13,4 -11.9 
142,6-139.1 
42,6 -39.5 
83,0 88,4 
65,5 -68.7 
60,5 -66,3 
81.1 90,1 
32,4 33.5 
18.1 19,0 
44,2 -44.3 
7.3 -8.9 
8.4 -6,9 
62.2 61,8 
38,7 -40,3 
67,8 72.0 
h k 1 
2 6 1 
2 7 1 
2 8 1 
2 9 1 
2 12 1 
2 0 2 
2 1 2 
2 2 2 
2 3 2 
2 4 2 
2 5 2 
2 6 2 
2 7 2 
2 1 3 
2 2 3 
2 4 3 
2 5 3 
2 6 3 
2 7 3 
2 9 3 
2 10 3 
2 11 3 
2 12 3 
2 0 4 
2 1 4 
2 2 4 
2 3 4 
2 4 4 
2 5 4 
2 6 4 
2 7 4 
2 9 4 
2 10 4 
2 11 4 
2 1 5 
2 2 5 
2 3 5 
2 4 5 
2 6 5 
2 7 5 
2 8 • 
2 12 5 
2 0 6 
2 1 • 
2 2 6 
2 3 6 
2 4 6 
2 5 6 
2 6 6 
2 7 6 
2 9 6 
2 1 7 
2 2 7 
2 3 7 
2 4 7 
2 5 7 
2 6 7 
2 7 7 
2 9 7 
2 0 8 
2 2 • 
2 3 8 
2 4 8 
2 6 8 
2 7 8 
2 8 8 
2 1 9 
2 2 9 
2 3 9 
2 4 9 
2 6 9 
2 8 9 
2 9 9 
2 0 10 
2 1 10 
2 2 10 
2 4 10 
2 6 10 
2 1 11 
2 3 11 
2 4 11 
2 5 11 
2 6 11 
2 7 11 
2 0 12 
2 1 12 
2 2 12 
2 3 12 
2 4 12 
2 5 12 
2 6 12 
2 8 12 
2 1 13 
2 2 13 
Fo Fe 
43,5 -45,5 
39.4 41,4 
24,6 -24.1 
15.9 -16,3 
16,6 15,3 
74.5 95,2 
66,9 -73.2 
98,1-105.9 
13,5 13.9 
64.8 67,8 
12.1 12,0 
8,1 -8.7 
10,6 -11.9 
28.3 -33,1 
63,4 65,7 
45,7 50.9 
10,3 9,8 
46,9 -47,5 
40,0 37,1 
24.8 -23,4 
10,7 -10,5 
7.8 3.5 
15.0 12,5 
87.7 -80.7 
21,5 25,9 
32,3 37,1 
37,5 41,2 
23.2 -22,3 
32.1 33.4 
31,2 30.8 
66,4 -62.5 
29.1 -24.4 
16,4 -14.0 
35,0 30.7 
34,8 -40.4 
48,1 -55,9 
59,3 66.7 
36.0 -33,9 
19,9 19.8 
16.6 -15,4 
36.1 30.2 
14.1 -13,3 
75,3 -80.2 
73,6 83.0 
111.4 122,5 
12.4 -14,2 
98,3 -98,7 
9,7 -10,1 
12,5 8.2 
18.6 16,7 
9,4 -4.8 
29,8 33.1 
28.2 -28.4 
21,6 .. 20.:7 
26,9 -27.8 
19,4 -16,8 
32,5 32,2 
9, 7 -9.4 
14,5 13.3 
51.2 -52,8 
65.1 63,5 
34,8 -36,5 
47.4 -42.6 
10,9 8,3 
25.7 24.2 
13,6 -9.6 
33.3 34.4 
43.0 45,9 
45.9 -45,5 
12,2 -6.5 
11.5 7.6 
32,0 -27.9 
11.1 9.1 
28.2 -24,3 
29,2 -28.3 
21,3 -21.4 
36.9 33,3 
14,7 13,6 
24.8 -21.7 
16,7 16.7 
12,0 4.7 
19,8 15.8 
9.0 -5,8 
7,9 -7.0 
49,5 47.2 
9,6 -9.8 
51,4 -47,8 
20,2 21,2 
33,1 29.9 
14,6 -10,7 
10,0 -7,9 
6,1 5,4 
14,6 -14.7 
29.2 -23.9 
h k 1 
2 3 13 
2 4 13 
2 6 13 
2 7 13 
2 0 14 
2 2 14 
2 4 14 
2 1 15 
2 3 15 
3 1 1 
3 2 1 
3 4 1 
3 5 1 
3 6 1 
3 7 1 
3 8 1 
3 9 1 
3 11 1 
3 12 1 
3 0 2 
3 1 2 
3 2 2 
3 3 2 
3 4 2 
3 5 2 
3 • 2 
3 9 2 
3 10 2 
3 11 2 
3 12 2 
3 1 3 
3 2 3 
3 3 3 
3 4 3 
3 5 3 
3 6 3 
3 9 3 
3 11 3 
3 12 3 
3 0 4 
3 1 4 
3 2 4 
3 4 4 
3 5 4 
3 • 4 
3 7 4 
3 8 4 
3 1 5 
3 4 5 
3 5 5 
3 6 • 
3 7 5 
3 9 • 
3 11 5 
3 3 6 
3 • 6 
3 6 6 
3 10 6 
3 1 7 
3 2 7 
3 3 7 
3 4 7 
3 • 7 
3 7 7 
3 8 7 
3 9 7 
3 0 8 
3 2 8 
3 3 8 
3 4 8 
3 5 8 
3 • 8 
3 7 8 
3 8 8 
3 10 8 
3 1 9 
3 2 9 
3 3 9 
3 7 9 
3 9 9 
3 1 10 
3 2 10 
3 3 10 
3 4 10 
3 5 10 
3 9 10 
3 1 11 
3 2 11 
3 3 11 
3 5 11 
3 7 11 
3 8 11 
3 1 12 
3 2 12 
Fo Fe 
13,6 14,3 
10.1 10,7 
13.2 -11.1 
6,8 6,6 
56,1 52,3 
25,6 -23,9 
6.9 7,4 
11.2 7,9 
7.8 -4.7 
62,3 61,9 
53,1 -53.5 
21.6 -22.8 
106,6-101.0 
66,6 65,3 
42,5 40,3 
18.9 -17,2 
15,5 -12.3 
25.6 24.8 
10,7 -10,8 
13.5 13,3 
116.5-111.3 
10.3 -11.0 
18.2 -17.3 
13,6 15,3 
20.0 19,7 
48 .. 5 -48,5 
18.1 -16,3 
42,2 43.7 
23,0 20.8 
11.2 -11,0 
70,4 -67,4 
100 .. 9 100,0 
50,7 49,7 
18,7 -16,6 
37.8 36,7 
38.1 -40.8 
11.6 -10.8 
10,0 -9,5 
8,9 8,2 
39,4 37.4 
21,1 -19,9 
31,7 -32.9 
13,2 13,0 
40.3 -41.3 
23,0 23.0 
45,3 48.1 
15,2 -14,6 
49.3 -48.0 
35,5 36,9 
67,8 67,9 
40,3 -40,5 
22.8 -23,5 
13.0 8,9 
19,8 -20,8 
35,0 39,1 
23,7 -26,5 
23.3 26.7 
18 .. 4 -18,5 
49,9 48,2 
71.3 -71.9 
63,6 -67,4 
23,7 25,9 
20,7 24,1 
22,2 -23,0 
23,0 22,3 
22.6 21,3 
27.5 -24,3 
30,4 29,9 
28,8 32,8 
14,2 -17.6 
16.4 16,9 
22,3 -22,8 
34,9 -37,0 
15,8 16,1 
9,2 a.o 
23,9 24.1 
10,9 10,0 
12,0 -13,5 
10,3 -12.1 
11,4 11.1 
12,0 12.8 
14.7 14,3 
17.9 -21.3 
13.9 -13,0 
16.6 18,4 
7.2 6,5 
15,4 -16.5 
31,0 30,9 
25,8 28,2 
11,8 -14.2 
11.8 9,6 
18,5 -19,5 
10.9 11.7 
10.0 -10,4 
h k 1 
3 3 12 
3 4 12 
3 5 12 
3 6 12 
3 1 13 
3 5 13 
3 6 13 
3 1 14 
3 2 14 
3 4 14 
4 1 0 
4 2 0 
4 3 0 
4 4 0 
4 5 0 
4 6 0 
4 8 0 
4 9 0 
4 10 0 
4 11 0 
4 12 0 
4 1 1 
4 2 1 
4 3 1 
4 4 1 
4 5 1 
4 6 1 
4 7 1 
4 8 1 
4 9 1 
4 10 1 
4 11 1 
4 0 2 
4 1 2 
4 2 2 
4 3 2 
4 4 2 
4 5 2 
4 1 3 
4 2 3 
4 3 3 
4 5 3 
4 6 3 
4 7 3 
4 9 3 
4 11 3 
4 0 4 
4 1 4 
4 2 4 
4 3 4 
4 4 4 
4 5 4 
4 6 4 
4 9 4 
4 10 4 
4 1 5 
4 2 5 
4 3 5 
4 4 5 
4 5 5 
4 6 5 
4 8 5 
4 9 5 
4 11 5 
4 0 • 
4 1 6 
4 2 6 
4 3 6 
4 4 6 
4 5 6 
4 7 6 
4 8 6 
4 10 6 
4 1 7 
4 2 7 
4 3 7 
4 4 7 
4 5 7 
4 6 7 
4 0 8 
4 1 8 
4 2 8 
4 3 8 
4 4 8 
4 6 8 
4 7 8 
4 1 9 
4 2 9 
4 3 9 
4 4 9 
4 7 9 
4 9 9 
4 0 10 
4 2 10 
I'; I 
Fo Fe 
32.7 -37.3 
13,4 12.7 
9,9 8,3 
12,1 11,7 
8.4 -6.2 
11,5 -9.6 
15.4 15.1 
15,0 12.9 
8,5 -9.0 
9,5 7.4 
108,0 -92.8 
97,9 -87,5 
72,7 65.5 
107,8 102,6 
23.0 -22.1 
58.1 -59.1 
18,5 18.4 
24.7 26.4 
18,0 19,4 
17.0 -18,4 
17.1 -17,0 
77.6 82,0 
55,7 52,6 
39,0 -36.6 
20,1 -18.2 
71.8 -77.3 
19,2 -19,8 
10,6 13,3 
14,3 14,9 
16,5 17.0 
11,4 -11.0 
17.2 17.5 
74.1 82,4 
13,5 -13.0 
65,0 -66.1 
37.6 38,4 
26.2 28.0 
13,3 -13.6 
48,9 47.6 
32.7 28.4 
12,5 14,5 
87,7 -95,1 
11,9 -13,5 
18.8 19,5 
9,9 8,5 
18.5 18.3 
35,9 29.9 
34,4 32.6 
22,2 21.7 
24,8 -26,3 
42.0 -44.2 
13,0 13,3 
26,0 26.5 
13,2 -15.7 
10,8 -12.5 
59,6 -56.6 
43.9 -43,8 
39,5 41.4 
21.5 23.0 
31.9 33,9 
14,1 15,3 
12.0 -14.4 
28,1 -30,0 
9,4 -7.2 
107,3 -97,6 
30,8 26.7 
81.2 82,1 
68,4 -70,9 
32.5 -35,9 
19.2 18,6 
20,6 21.2 
8,6 -3.4 
9,6 9,6 
20.6 -18.7 
1o.o 5.6 
15,6 -16,5 
17,0 -19,8 
46,4 50.8 
7.0 9.0 
66,6 -61.3 
25.4 21.3 
41.3 42.0 
19,6 -20.7 
20.4 -22.1 
12,2 12,6 
9.0 4.8 
26.1 25.3 
18,0 22.2 
21,1 -22,5 
18.2 -22.2 
18,7 -19.4 
24,6 27.6 
13,9 12.2 
10,9 -12.9 
TABLE 5. (continued) 
h k 1 
4 3 10 
4 5 10 
4 6 10 
4 7 10 
4 9 10 
4 1 11 
4 2 11 
4 4 11 
4 7 11 
4 8 11 
4 0 12 
4 l 12 
4 2 12 
4 3 12 
4 4 12 
4 G 12 
4 1 13 
4 2 13 
4 4 13 
4 0 14 
4 1 14 
4 2 14 
4 3 14 
4 4 14 
5 1 
5 2 
5 4 
5 5 1 
5 6 
5 7 
5 8 
5 9 1 
5 10 l 
5 0 2 
5 1 2 
5 2 2 
5 3 2 
5 4 2 
5 6 2 
5 7 2 
5 8 2 
5 9 2 
5 10 2 
5 11 2 
5 2 3 
5 3 3 
5 4 3 
5 5 3 
5 6 3 
5 7 3 
5 8 3 
5 9 3 
5 0 4 
5 1 4 
5 2 4 
5 3 4 
5 4 4 
5 5 4 
5 7 4 
5 1 5 
5 2 5 
5 3 • 
5 4 5 
5 6 • 
5 7 • 
5 9 5 
5 10 5 
5 0 6 
5 1 • 
5 4 • 
5 5 6 
5 7 6 
.5 1 7 
5 2 7 
5 3 7 
5 5 7 
5 8 7 
5 10 7 
5 0 8 
5 1 8 
5 2 8 
5 3 8 
5 4 . 8 
5 5 8 
5 • 8 
5 8 8 
5 1 9 
5 2 9 
5 3 9 
5 5 9 
5 7 9 
5 1 10 
5 2 10 
5 3 10 
Fo Fe 
41,1 44,4 
8,6 -6,8 
13,0 14,8 
20,7 -23,1 
7.0 -4,8 
11,2 9,0 
12,1 -10,8 
13.0 12,4 
8,4 -8.7 
6. 7 -2,8 
29,8 31.7 
21.6 -23,0 
24.8 -27,1 
19.7 24,0 
18,9 20.4 
10,4 -12,7 
9,4 -8,5 
8.9 -7.5 
12,7 13,3 
22,7 23,5 
18,6 -19,4 
19.3 -18,7 
10,1 -10.2 
13.4 15,1 
27,0 -32.0 
21.7 -24,1 
78,8 -85,9 
8,9 9.5 
49.7 54.2 
31.6 31~3 
16.4 13,1 
28,9 -30.0 
10,3 11,9 
90,3 106,5 
35,5 -41,6 
36,4 -42.6 
22,7 26,6 
16,5 -17.5 
11.4 10,7 
10.9 -11,2 
12,5 -11.9 
18,2 -17,5 
17.7 18,1 
23.4 18.8 
37.4 40.6 
34,6 35,7 
41,0 45.5 
33,7 -31,9 
19,7 -22,3 
16,3 -14.3 
41,9 -38.2 
20.4 17,2 
21,4 -20,7 
12,9 -13,4 
22.4 -24.6 
41,5 46,1 
37,1 37.4 
31,5 -33,0 
10,6 8,3 
37,1 38,0 
7,6 7.4 
32.5 -33.1 
61,9 65,5 
45,6 -41,5 
15,5 -13,0 
19,3 16,3 
13.1 -13,5 
39,0 -37.6 
8,8 -9,9 
16,5 17.6 
13.0 -10,6 
16,4 17.1 
8,8 3,6 
34.0 -33,5 
29,2 -27,8 
27,8 27,3 
53,7 46,6 
18,4 -15.4 
21.4 22,4 
11.2 -11 .a 
29.6 27,0 
25,8 -24.8 
40,6 -39,9 
23.2 20.5 
9,5 -11.3 
9,0 9,3 
20,4 -19,1 
10,5 -11,7 
14.7 13,2 
18,0 17,9 
9.0 -10.5 
23,5 21,7 
15.5 15.2 
14.2 -13,9 
h k 1 
5 4 10 
5 7 10 
5 2 11 
5 6 11 
5 8 11 
5 0 12 
5 1 12 
5 2 12 
5 4 12 
5 6 12 
5 7 12 
5 2 13 
5 4 13 
5 5 13 
5 0 14 
5 2_ 14 
5 4 14 
6 1 0 
• 2 0 
6 3 0 
6 4 0 
• 6 0 
6 7 0 
6 9 0 
6 11 0 
6 2 1 
6 3 1 
6 4 1 
• 5 1 
• • 1 
• 7 1 
• 8 1 
6 11 1 
• 0 2 
• 1 2 
6 2 2 
• 3 2 
• 4 2 
6 5 2 
6 • 2 
6 11 2 
6 2 3 
6 3 3 
6 4 3 
6 5 3 
6 6 3 
6 7 3 
• 9 3 
6 11 3 
6 0 4 
6 1 4 
6 2 4 
• 3 4 
6 5 4 
• 6 4 
6 7 4 
6 9 4 
6 11 4 
6 1 • 
• 2 5 
6 3 5 
6 5 5 
6 7 5 
• 8 5 
6 9 • 
• 0 6 
• 1 6 
• 2 6 
• 3 6 
6 5 6 
6 6 6 
• 8 • 
6 2 7 
6 5 7 
6 6 7 
• 9 7 
• 0 8 
6 1 8 
6 2 8 
6 3 8 
6 4 8 
6 5 8 
6 7 8 
6 9 8 
6 1 9 
6 2 9 
6 3 9 
6 7 9 
6 8 9 
• 9 9 
6 0 10 
6 3 10 
6 4 10 
6 5 10 
Fo Fe 
15.3 -14,4 
14,0 -11,2 
22.4 17,6 
11,0 9,6 
28,6 -27,0 
20,1 -21,7 
29.4 29.3 
13,6 -10,8 
23,2 21.8 
9.3 9.4 
6,7 -5,6 
12.2 10,9 
18,3 -14,2 
15,8 -13,1 
7,6 6,6 
12.0 -11,5 
6,8 7,3 
131,8-141.6 
49.8 -45.0 
19,9 -18,8 
23.0 23,0 
17.9 -21,3 
17,7 20.4 
12.7 13,8 
12.5 -11.6 
22,5 -24,3 
42.5 47,2 
33,7 -34,8 
41.3 -46.4 
14,3 14,6 
10,0 -12,3 
19.7 19,0 
11,0 12,2 
29,1 37,2 
14,7 -18.7 
14.4 -16,2 
26,6 29,4 
7,5 7,1 
14.6 -17.5 
14,9 -16,4 
11.0 -8,1 
36,9 -41,8 
34,4 40.5 
24,9 -24,9 
37,9 -41.1 
20,2 20,6 
11,2 7,9 
10.8 -11,9 
14,3 13,2 
22,0 -18.2 
78,0 87.3 
9.4 8,6 
27,9 28,9 
15,0 -12,7 
9.6 8,9 
17,9 -17.2 
10.7 -9,8 
8,8 6,5 
8,5 -13,2 
24.3 24,2 
13,6 -16,3 
21.2 20,6 
35,6 33.4 
18,8 -17.2 
29.6 -25,9 
59,1 -59,9 
23.8 24.1 
17,7 19,0 
50,1 -51.5 
30,6 29,6 
25,6 23.6 
13,7 -13,6 
36.6 37,9 
10,7 9,7 
9.2 -9,2 
14.3 14,3 
24,5 -22,5 
10,3 -6,9 
21,7 22.7 
41.0 -40,0 
21,7 -21,3 
13,8 13,3 
11.9 10.2 
6,7 2.7 
19.4 17,8 
17,9 -17.4 
10.2 -7,5 
32.9 -30,6 
7.4 4,6 
23,6 22,5 
22.9 20,7 
27,3 26,3 
19,3 -17.2 
15,9 -13,5 
h k 1 
6 6 10 
6 2 11 
6 5 11 
6 1 12 
6 2 12 
6 3 12 
6 4 12 
6 6 12 
6 1 13 
6 3 13 
6 1 14 
6 2 14 
7 1 1 
7 2 1 
7 3 1 
7 4 1 
7 • 1 
7 8 
7 10 1 
7 0 2 
7 1 2 
7 4 2 
7 5 2 
7 6 2 
7 7 2 
7 10 2 
7 1 3 
7 2 3 
7 3 3 
7 4 3 
7 5 3 
7 8 3 
7 0 4 
7 1 4 
7 2 4 
7 3 4 
7 4 4 
7 10 4 
7 1 5 
7 2 5 
7 4 5 
7 • 5 
7 8 5 
7 10 5 
7 0 • 
7 3 • 
7 4 6 
7 • • 
7 7 • 
7 1 7 
7 2 7 
7 3 7 
7 6 7 
7 8 7 
7 1 8 
7 2 8 
7 3 8 
7 4 8 
7 7 8 
7 4 9 
7 8 9 
7 1 10 
7 2 10 
7 3 10 
7 4 10 
7 5 10 
7 6 10 
7 1 11 
7 2 11 
7 3 11 
7 6 11 
7 1 12 
7 4 12 
7 5 12 
7 3 13 
8 1 0 
8 2 0 
8 3 0 
8 4 0 
8 5 0 
8 6 0 
8 7 0 
8 9 0 
8 10 0 
8 2 1 
8 3 1 
8 4 1 
8 5 1 
8 6 1 
8 8 
8 10 
8 1 2 
8 2 2 
8 3 2 
Fo Fe 
8,3 -7,8 
15,6 -15,7 
15,1 11,9 
22.3 -19,3 
10,5 -8,8 
30,8 28,1 
12.6 12,0 
14,6 -10,8 
14,8 -11.2 
9.0 6,7 
18,7 -17.4 
17,5 -16,3 
20.1 -22,3 
34,2 37.4 
14.9 15,6 
34,7 -39,4 
9,4 14,6 
11.5 -11.4 
11.1 12.9 
99,0 112.3 
23,6 -26,6 
37,3 -44.2 
19.3 -19.4 
19,7 -22,6 
26.8 29,5 
17.2 18,8 
22.4 22,7 
16,4 -17,1 
15,1 -15,3 
26,8 30,1 
12,3 -12,0 
18,6 -19,5 
7,2 10,1 
31,7 -31,9 
16,1 -16,1 
32.9 36,0 
13,5 16,7 
13,9 14,0 
11,0 12.8 
22.7 -21,4 
15,4 11,2 
11.a -ll,4 
27,6 24,6 
16.1 -14.8 
63,5 -57,5 
17,9 18,2 
29,7 29,7 
19,3 16,9 
13,9 -13,2 
18,4 -18,0 
15,6 -17,1 
16.a 14,7 
23.0 -21.8 
34.7 31.1 
12,7 13.7 
12,3 ll,6 
26.9 -23.7 
16.4 -16,5 
8,9 8,2 
12,6 12,4 
14.0 -11,2 
19,0 18,7 
14,0 13.9 
25,9 -21,2 
13,3 -13,5 
11.1 6,9 
14.8 -10,8 
13,2 11,4 
25,0 20,6 
15,1 -12,8 
15.0 12,2 
12,5 9,4 
10,4 6,8 
6,8 7,9 
7.4 4,7 
44.2 -53,1 
21.9 -22,4 
5,3 -4,6 
27,8 27.6 
21.2 -22,7 
23.7 25,8 
14,8 18,9 
10,9 12.3 
26.a -29,4 
16,2 -18,1 
12,2 15,0 
7.4 6.8 
9.3 -10,4 
8,5 10,9 
ll,1 -12,4 
8,1 8,1 
15,7 -18,0 
7.6 -5,5 
u.8 16,1 
h k 1 
8 4 2 
8 5 2 
8 9 2 
8 2 3 
8 3 3 
8 4 3 
8 5 3 
8 6 3 
8 7 3 
8 8 3 
8 9 3 
8 10 3 
8 0 4 
8 1 4 
8 2 4 
8 3 4 
8 4 4 
8 5 4 
8 6 4 
8 7 4 
8 8 4 
8 9 4 
8 1 5 
8 2 5 
8 4 5 
8 7 5 
8 0 6 
8 1 6 
8 3 • 
8 4 • 
8 5 • 
8 •• 
8 8 • 
8 9 6 
8 2 7 
8 4 7 
8 7 7 
8 0 8 
8 1 8 
8 3 8 
8 6 8 
8 7 8 
8 8 8 
8 1 9 
8 2 9 
8 3 9 
8 4 9 
8 5 9 
8 7 9 
8 0 10 
8 2 10 
a 3 10 
8 5 10 
8 6 10 
8 2 ll 
8 3 11 
8 4 11 
8 0 12 
8 1 12 
a 3 12 
9 2 1 
9 3 1 
9 4 1 
9 5 1 
9 6 1 
9 7 1 
9 8 1 
9 1 2 
9 4 2 
9 5 2 
9 • 2 
9 7 2 
9 8 2 
9 9 2 
9 1 3 
9 2 3 
9 3 3 
9 5 3 
9 7 3 
9 1 4 
9 3 4 
9 6 4 
9 1 5 
9 2 5 
9 3 5 
9 4 5 
9 6 5 
9 7 5 
9 8 5 
9 0 6 
9 3 • 
9 4 • 
9 6 • 
9 7 6 
Fo Fe 
7,4 7,6 
9,0 -9.4 
7.2 5,0 
11.6 11.4 
a.o 10.0 
10,2 -9.9 
10,1 -10,7 
10,8 13,7 
15.2 17,7 
14.1 -16.0 
14.0 -13.7 
7,3 8,1 
19,6 19,8 
26.5 29,0 
ll,9 11.9 
13,a 12.2 
16,8 -16.3 
ll.5 14.2 
25,5 -26,0 
12,0 -13.6 
9,7 9,3 
9,6 -9.7 
10,2 -9.0 
34,9 34,0 
18,4 -17 .o 
14,5 15,1 
9, 7 4.9 
27.1 26,5 
27,8 -26,7 
10,8 -9,6 
16,4 16,9 
14,0 14,3 
6,7 -8.3 
7.2 -8.o 
20,9 -17.7 
8,9 5,7 
10.4 -14,1 
24,2 -20,2 
11,0 10,6 
22.0 -20,7 
18,0 19,0 
6,9 5,4 
8,9 -10,1 
14.8 14,4 
26,9 -23,7 
12,0 -12.7 
11.2 8,3 
7,9 6,8 
15,3 -15,2 
18,5 -16.4 
14,0 12,2 
11,9 10,4 
6,8 -6.4 
9,3 -7 .o 
12,1 9,4 
10,3 -4.7 
8,2 4.0 
7,6 6,2 
21,5 -18,9 
15,1 14,6 
6,7 -6,9 
5,9 5,2 
9,6 -9,3 
5,3 6,0 
12.8 16.8 
11,6 -14,3 
11.4 -10.8 
22,3 -35,5 
14,0 17,1 
16,5 -19.2 
a. 7 -8.6 
27,3 23.9 
11.2 -8,3 
18,1 16.8 
12,0 14,3 
15,0 15,5 
19,4 -19,1 
8,5 -5.8 
ll,O 10,8 
22,7 -30,5 
17,6 16,9 
5.8 3,6 
ll,O -12,3 
5.8 3,5 
13.4 13,3 
10.4 10,4 
19,0 -18.2 
10.2 9.2 
9,9 9.6 
12,0 12.9 
21,5 18,7 
9,6 -ll.3 
8.6 7.4 
12.4 -13,3 
h k 1 
9 8 6 
9 1 7 
9 2 7 
9 3 7 
9 4 7 
9 5 7 
9 6 7 
9 1 8 
9 2 8 
9 3 8 
9 4 8 
9 • 8 
9 7 8 
9 1 9 
9 2 9 
9 3 9 
9 0 10 
9 1 10 
9 2 10 
9 3 10 
9 5 10 
9 1 11 
9 2 11 
9 3 11 
10 3 0 
10 5 0 
10 8 0 
10 2 1 
10 3 1 
10 4 1 
10 6 1 
10 7 1 
10 1 3 
10 2 3 
10 4 3 
10 5 3 
10 6 3 
10 7 3 
10 8 3 
10 0 4 
10 1 4 
10 3 4 
10 5 4 
10 6 4 
10 7 4 
10 1 5 
10 2 5 
10 3 5 
10 5 5 
10 6 5 
10 0 6 
10 1 6 
10 3 6 
10 6 6 
10 4 7 
10 5 7 
10 6 7 
10 0 8 
10 1 8 
10 2 9 
10 4 9 
10 0 10 
10 1 10 
10 2 10 
11 1 1 
11 3 1 
11 5 1 
11 7 1 
11 0 2 
11 1 2 
11 2 2 
11 3 2 
11 4 2 
11 5 2 
11 1 3 
11 2 3 
11 4 3 
ll 5 3 
ll 0 4 
11 1 4 
11 3 4 
11 4 4 
11 5 4 
ll 1 5 
ll 2 5 
ll 3 5 
ll 4 5 
11 5 5 
11 0 6 
ll 4 6 
11 1 7 
ll 4 7 
ll 0 8 
ll 3 8 
Fo Fe 
5,3 3.4 
16,1 -14,9 
19.3 -16,8 
14,9 15.4 
ll.7 12,7 
6,1 5,3 
10,3 -10,6 
24.4 21.7 
8,5 9.7 
11.8 -10.2 
7,1 -5,8 
5.3 -5,3 
5,9 4,4 
14.3 ll,7 
6.a -4.7 
13,0 -12.2 
ll.4 -12.5 
10,9 10,3 
7.2 5,9 
18,6 -18,5 
7.4 7,5 
11.1 9.3 
7,9 8,6 
8,4 -8,3 
34.1 30,9 
14,5 -17.8 
7.7 9.0 
4.7 -9.4 
9,5 -11.2 
5,9 -9.6 
ll,1 19,4 
6.7 5,8 
5,2 6,9-
4,3 4,5 
19.0 -16,8 
14.4 -12,0 
26,8 20,6 
8.1 6,4 
6.8 -6.3 
7,3 15,6 
6,7 -10.8 
19,2 -19,7 
16.0 12,6 
9.6 -7.1 
6.2 4,0 
5,9 -7,0 
17,9 17.9 
12,2 12,3 
8,4 ... 6,2 
7,7 -4.2 
5,5 6,9 
16,7 15,8 
13,3 -14.1 
6,3 6.2 
8,4 7.1 
10,5 10.2 
6,8 -5,6 
9,7 -10.2 
17,2 16,8 
15,5 -12.2 
5,2 3.3 
4,7 -4.9 
8,8 -7,5 
7.3 7.1 
4.1 -5,2 
5,1 •6,0 
14.7 20,3 
4.6 -4.3 
13,5 -17.4 
17.4 -20,1 
3,3 -3.0 
10,5 12,6 
9,2 11.1 
4.4 -5.1 
7,6 6.1 
4,1 3.1 
7,5 -6.7 
14,3 -14.5 
6,2 5,1 
16,8 -14.6 
16,3 16.4 
5,1 -3,6 
5.5 -6,3 
5,7 3.1 
4,3 -3,8 
4.9 4,8 
6, 7 6.2 
14,4 -14,2 
11.0 10,0 
7.5 -6.7 
6,3 -5,3 
8,8 8,0 
7.7 -6.4 
15,6 -13.1 
Table 6. Agreement analysis 
Fobs 
0-5 
5-10 
10-15 
15-20 
20-25 
25-30 
30-35 
35-40 
40-45 
45-50 
50-55 
55-60 
60-65. 
65-70 
70-75 
> 75 
number of 
planes 
10 
157 
228 
157 
94 
66 
47 
35 
27 
20 
13 
11 
11 
11 
9 
44 
R sin 9/). 
20.4% 0. 0-0. 1 
20.7 0.1-0.2 
13.7 0.2-0.3 
8.3 0.3-0.4 
8.9 0.4-0.5 
8.5 o. 5-0.6 
6.8 0.6-0.7 
6.8 
6.4 
6.8 
5. 1 
4.3 
5.5 
4.1 
9.3 
. . 
6.7 
number of 
planes 
4 
41 
96 
195 
247 
294 
63 
R 
10.6% 
7.2 
7. 1 
6.7 
9.9 
11.7 
13.7 
layer 
Okl 
1kl 
2kl 
3kl 
4kl 
5kl 
6kl 
7kl 
8kl 
9kl 
10kl 
11kl 
number of 
planes 
68 
105 
118 
95 
108 
87 
89 
63 
79 
58 
4o 
30 
R 
6.4% 
8.2 
8.7 
5.5 
8.1 
9· 1 
9.5 
10.9 
11.6 
13.4 
19.3 
15.1 
• 
FIGURE 2. A view of the molecule 
FIGURE 3. Packing of the molecules in one unit cell as seen down (0,0,1] 
a 
1 R 
Table 7. Bond lengths and their standard deviations 
Bond 
P - Cl 
P- S(1) 
P - S(2) 
P - S(3) 
S(1)-C(1) 
S(2) - C(2) 
C(1) - C(2) 
Distance 
2. 059 R o. ooJ+ R 
2.051 o.oo4 
2.051 0.005 
1. 910 0.005 
1.812 0.015 
1.834 0.014 
1.475 0.019 
Table 8. Bond angles and their standard deviations 
Angle 
s (3) - p - s ( 1 ) 116.7° 0.2° 
S(3) - P - S(2) 117.8 0.2 
S(3) - P - Cl 111 • 4 0.2 
S(1)- P- S(2) 1 oo. 5 0.2 
S(1) - P - Cl 103.7 0.2 
S(2) - P - Cl 105.2 0.2 
S(1)- C(1)- C(2) 111.5 1.0 
S(2) - C(2) - C(1) 113.7 1. 0 
P- S(1)- C(1) 94.1 0.4 
P - S{2) - C(2) 98.0 0.5 
13(, 
P - S(2) are both 2.051 R with standard deviations of 0.004 R and 
0.005 R respectively, The sum of Pauling's (1960) si~gle-bonded 
covalent radii (P = 1.10 R, S = 1.04 R) is 2.14 R, and even if this 
distance is corrected for the electronegativity difference between the 
atoms (Schomaker and Stevenson, 1941; see also Section II) the predicted 
distance of 2.11(6) R is still appreciably longer than the observed 
values, There is no reason to suspect any double bond character, nor 
are there any. other special features, and the observed distances probably 
provide an accurate value for the P - S single bond, The bond P - S(3) 
of· 1. 910 R :!: 0,005 R is shortened by back-bonding from a full p orbital 
on the sulphur to an empty cl orbital on the phosphorus, This value may 
· be compared with the sum of Pauling's double bonded radii of 1.94 X which 
when corrected. for the difference in electronegativity becomes 1.91(6) R. 
This is only about one standard deviation from the observed value, The 
P = S distances in a number of other compounds are appreciably longer 
1'37 
than this ( 1. 98 X in 1, 2-dimethyl 1, 2-diphenyl diphosphine disulphide 
(llheatley, 1960), 1,94 R in tetraethyl diphosphi?e disulphide (Dutta and 
Woolfson, 1961), 1.95 R in bis(cyclotetramethylene) diphosphine disulphide 
(Lee and G-oodacre, 1969; see Section TII), 1.95 R in bis(cyclopentamethylene) 
diphosphine disulphide (Lee and G-oodacre, 1970; see Section IV) and 
1.95 X and 1,97 R in tetramethyl diphosphine disulphide (Lee and G-oodacre, 
1971; see Section V)). The P- Cl bond of 2.059 ~ ± o.oo4 R is 
appreciably. shorter than the sum of Pauling's (1960) radii of 2.09 X, but 
longer than the electronegativity corrected value of 2.03(6) X. The 
observed bond length is also greater than the value of 2,02 X in 
thiophosphoryl chloride (Williams, Sheridan and G-ordy, 19 52), 
The distribution of bonds round the phosphorus atom is 
essentially tetrahedral, but two factors which cause a coertain amount of 
distortion are the P = S bond and the inclusion of phosphorus in a 
heterocyclic ring. The three angles 3(3) - P- S(1), S(3) - P- S(2) 
and 3(3) - P -Cl are all greater than tetrahedral (116. 7°, 117.8° and 
111.4° respectively), whilst the remaining three bond angles round the 
phosphorus atom 3(1) - P- 3(2), 3(1)- P- Cl and S(2)- P- Cl are less 
( 
. 0 0 0 
than tetrahedral 100.5, 103.7 and 105.2 respectively). Because of 
lt-bonding, 3(3) is rather close to the phosphorus atom, hence repulsive 
forces to the other· three atoms bonded to the phosphorus atom account for 
this distortion. The angle 3(1) - P- 3(2) is reduced more than the 
others, and this further distortion arises from the inclusion of two bonds 
from a phosphorus atom in a five-membered heterocyclic ring system. 
Similar distortions due to P = S have been observed in the diphosphine 
disulphide compounds listed above, and the inclusion of two bonds from a 
phosphorus atom in a heterocyclic ring reduces the corresponding angle to 
96.6° in bis(cyclotetramethylene) diphosphine disulphide for a five-
membered heterocyclic ring, and 101.8° for a similar but less strained 
six-membered heterocyclic ring in bis{cyclopentamethylene) diphosphine 
disulphide. 
The S - C distances of 1 .81 i and 1 .83 R are in reasonable 
agreement with the sum of Pauling's single bonded radii of 1.812 R, the 
value of 1. 8177 .:\ in methanethiol, cH3SH, (Kilb, 1955) and the average 
paraffinic C-S value of 1.81(5) i (Sutton, 1958). 
The C(1)- C(2) distance of 1.47(5) R is less than the normal 
single bond distance, and the angles 3(1) - C(1) - C(2) and 
3(2) - C(2)- C(1) of 111.5° and 113.7° are greater than the expected 
tetrahedral value. These distortions arise from strain in the 
hetorocyclic ring. 
As might be expected, the heterocyclic ring is puckered. The 
equation to the best plane through the ring calculated by the method of 
Schomaker, Van Waser, Marsh and Bergman (1959), together with the 
distance of each atom from the plane, is shown in Table 9 • 
.A complete bond scan of all the interatomic distances of up to 
TABLE 9. Best least squares plane through the heterocyclic ring. 
Atoms in plane 
P,S(1),S(2),C(1),C(2) 
Equation to plane 
-3.41X + 1.09Y + 12.052 ~ 4.89 
(X, Y and Z refer to the unit cell axes a, b and c) 
Distances of atoms from the plane 
p 
-o.194 E 
s ( 1 ) 0.299 
8(2) o. 071 
C(1) -0.336 
C(2) o. 161 
4.0 ~ was perf'ormed, and all the approaches less than the sum of' the 
appropriate van der Waals radii vrere examined. These'are considered in 
three groups. Firstly the non-bonded approaches which are short and 
occur within the molecule are listed in Table 10, taking the Pauling 
(1960) values f'or van der Waals radii of' atoms as Gl = 1.80 R, S = 1.85 R, 
P = 1.9 Jl., Cll2 = 2.0 Rand H = 1.2 ~. These are all unavoidable 
distances across rings etc. , and show no special f'eatures. 
Secondly the short intermolecular approaches involving a 
sulphur atom are listed in Table 11 part (a). It is apparent that these 
are only slightly short. Recently a number of' workers have suggested 
that the van der Waals radius of' sulphur should be 1. 72 - 1. 73 ~ (Fava 
Gasparri, Nardelli and Villa, 1967; Nardelli, Fava Gasparri, Giraldi 
Battistina and Domiano, 1966; " Zdanov and Zvonkova, 1950; van der Helm, 
Lessor and Merritt, 1960; Lee and Bryant, 1969 (a) and (b)). If' the 
smaller van der Waals radius is accepted, then all of' these distances 
become normal. 
The third group of' close intermolecular approaches are listed 
in Table 11 part (b). The f'irst f'our of' these involve Cl ••• c approaches 
W?ich are slightly less than the Pauling distance of' 3.80 Jl.. No 
particular signif'icance is attached to these, The remaining f'our values 
involve Cl ... !I contacts. The Cl ••• ll(22) distance of' 2.81 Jl. is very much 
shorter than the van der Waals distance of' 3.0 Jl.. This is interpreted 
·as a strong intermolecular hydrogen bond, the angle Cl,,,!!(22) - C(2) 
The Cl ••• H(2) distance of' 2.88 R constitutes a slightly 
weaker hydrogen bond, in accord with the reduced angle Cl. •• !1(2) - C(2) 
of' 137°. 
The tendency to f'orm hydrogen bonds is related to the electro-
negativity dif'f'erence between hydrogen and the other atom, The strength 
of' the hydrogen bond f'ormed decreases f'rom fluorine to oxygen to nitrogen 
to chlorine to sulphur. Although chlorine has the same electronegativity 
.; 
TABLE 10. Distances less than the sum of the van der Waals radii 
which occur within one molecule. 
Cl ... 8(1) 
Cl ... 8(2) 
Cl ... 8(3) 
Cl ... C(1) 
8(1) ... 8(2) 
8(1) ... 8(3) 
8(1) ... C(2) 
8( 1) ... H(1) 
8(1) ... H(11) 
8(1) ... H(2) 
8(2) ... 8(3) 
8(2) ... C(1) 
8(2) ••• H(2) 
8(2) ••. H(22) 
p · ... C(1) 
p 
p 
... C(2) 
H(1) 
Distance 
3.23 ~ 
3.27 
3.28 
3.55 
3.15 
3.37 
2.'[2 
2.39 
2.39 
3.03 
3.39 
2.78 
2.40 
2.40 
2.83 
2.94 
3.o4 
C(l) ••• H(2) 2.08 
C(1) ... H(22) 2, 08 
C(2) ••• H(1) 2.09 
C(2) ••• H(11) 2.09 
H( 1 ) .. • H( 11 ) 1 • 76 
H(1) ... H(22) 2.30 
H(11) ... H(2) 2.30 
H(2) ... H(22) .1.76 
• 
14-\ 
14-2. 
TABLE 11. (a) Short intermolecular approaches involving a sulphur 
atom in the central. molecule. 
Atom generated coordinates of generated atom Distance 
by symmetry x/a y/b z/c 
S(1) ... S(3) 0.3236 0.6024 0.3899 3.67 ~ 
S(1) C(2) 0.3250 0.3210 0.1856. 3.84 
S(2) C(1) -0.3921 -0.0723 o.365o 3.83 
S(3) s ( 1) 0.4467 -o. 1 oo1 0.3605 3.67 
S(3) H(1) 0.3643 o.o649 0.5544 2.98 
S(3) C(1) o. 1079 -0.0723 o. 1350 3.79 
S(3) H( 11) o. 1280 o. 0171 0.1750 2.93 
S(3) ... C(2) 0.3250 0.3210 ' 0.1856 3.82 
(b) Other short intermolecular approaches 
Atom generated coordinates of generated atom Distance 
by symmetry x/a y/b z/c 
Cl C(1) 0.1079 0.5723 0.6350 3.73 ~ 
Cl C(2) -o. 1750 o. 1790 0.8144 3·73 
C(1) Cl -o. oo86 o. 7651 0.4271 3.73 
C(2) Cl o.oo86 0.2651 0.0729 3.73 
Cl H(2) 
• 
-0.1663 o. 1688 0.7307 2.88 
Cl H(22) 0.2317 0.1708 0.6639 2.81 
H(2) ••. Cl o.oo86 o. 2651 0.0729 2.88 
H(22) Cl -0.4914 0.2651 0.4271 2.81 
value as nitrogen, it has a reduced tendency to form hydrogen bonds 
• 
because of its large size. Nevertheless the hydrogen bonds observed for 
this compound are real. Each molecule forms two hydrogen bonds to one 
molecule and two to another molecule, resulting in an infinite chain. 
The tendency of crystals to tvlinning is attributed to the 
almost symmetrical nature of the molecule, and the similarity in size of 
Cl and S(3). 
' 
' 

SECTION VII 
THE CRYSTAL AND !.lOLECULAR STRUCTUR:~ OF 
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1 • Introduction. 
As part of the series of structural studies on a group of new 
compounds of the type: 
prepared by Professor R. Schmutzler and his eo-workers (Peake, Fild and 
Schmutzler, 1970), the structure of 2,5-dithio 1-phenyl 1-thicphosphorus(V) 
cyclopentane: 
was undertaken. It was hoped to obtain information on the stereochemistry 
of phosphorus and on the nature of the P - S bonds, and to explain the 
n.m.r. data. 
2. Qptical·examination of crystals. 
Crystals of 2,5-dithio 1~phenyl 1-thiophosphorus(V)cyclopentane 
were prepared and provided by Mr. S. c. Peake (Loughborough University). 
Recrystallisation from diethyl ether gave colourless crystals of melting 
·point 68°C, in the form of pseudo-hexagonal blocks • 
.. 
Examination of a single crystal under the polarising microscope 
revealed straight extinction when ·viewed down two of the crystal axes, 
and extinction not parallel to any crystal face when viewed do1•rn the third 
axis. This suggested that the crystal belonged to the monoclinic system. 
3. Crystal density. 
The crystal density was measured by the method of flotation in 
aqueous solutions of potassilli~ iodide. The density of the flotation 
liquid in which· the crystals neither sank nor floated was measured by 
means of a Westphal balance, and a value D = 1.46 g.cm~3 was obtained • 
. m 
4. X-ray photogranhy. 
A single crystal of approximate dimensions O,!f-4 mm. x 0.27 mm. x 
0.27 mm. was mounted with shellac on a glass fibre parallel to its longest 
cross-sectional dimension. A 180° oscillation photograph showed symmetry 
along the direction of each layer line, and between +n and -n layer lines. 
Zero and first layer Weissenberg photographs did not show any symmetry, 
and the axial rows were not 90° apart. These observations showed that-
the crystal system was monoclinic, with the crystal mounted parallel to 
the unique (b) axis, 
5. Space group. 
An examination of the zero and first layer \7eissenberg 
photographs showed that there were no systematically absent reflexions of 
the tYPe hk(t., -OkQ., hOL, hkO, hOO and- 00 R-. The OkO reflexions were not 
observed on the films because b was the axis of rotation, but in 
subsequent work on a Stile diffractometer, OkO reflexions vrere found to be 
absent when k was odd. This absence restricts the space group to 
P21 (c;, No.4) or P2/m (c;h' No.11.) (International Tables, 1965). 
6. Cell size and contents. 
The lattice parameters b, a*, c* and ~* were first measured from 
.high order reflexions on the oscillation and zero layer Weissenberg 
photographs, and these were then refined on the Stile diffractometer, as 
described in Section II. The direct lattice parameters were then · 
obtained from these values by hand calculation.· 
The number of molecules per unit cell vras calculated from the 
equation: 
D.N .U 
z = 0 
1024.M 
-3 The measured density of 1.46 g.cm. corresponds to trro molecules per unit 
-3 cell, for which the calculated density is 1. 480 g. cm, 
14-b 
7. Crystal data. 
• 
s
3
PC8H9 
, M = 232,33 
Monoclinic, a= 9.301 R, b = 7.241 Jl., c = 7.81,6 ll., all+ 0.003 ll.; 
~=99°27' :!:15'. 
o3 6 -3 U:.= 521.2 A, Z = 2, Dm = 1.4 g.cm., D0 = 
-1 
FOOO = 240, ~ = 72.1 cm, 
CuKo:1' A = 1.54051 R; Clllie>:z· A= 1.54433 lL 
-3 1 .480 g. cm. 
Space group P21 (No.4) or P2/m (No.11). The latter 11as confirmed by a 
statistical test and the structure analysis. 
8. Collection of intensity data. 
Equi-inclination Weissenbcrg data for the layers hot to h?i was 
collected from the same crystal as before using the Stile automatic' 
diffractometer. The crystal was aligned by means of the OkO reflcxions. 
These. should remain in the reflecting position throughout 360° rotation 
of the crystal, so very accurate setting vms possible. Of the 1111 
independent reflexions measured, 1027 were observed greater than twice 
their standard deviation, and were usecl. initially in the structure 
refinement. In the later stages it became apparent that the very weak 
reflexions were unreliable, and only the 944 reflexions observed greater 
than four times their standard deviation were treated as observed. 
Lorentz and polarisation factors were applied., but no corrections were 
made for absorption or extinction. 
9. Statistical N(z) test. 
The space group P21 is non-centrosymmetric, but P21/m is 
centrosymmetric because of the combination of the 21 screw axis parallel 
to b ana the mirror plane perpendicular to b. The 17ilson ratio ('iFilson, 
1949) ancl. the statistical N(z) test (Howells, Phillips ancl. Rogers, 1950) 
were used to distinguish between the trro space groups. 
The calculations were carried out on the general (hkt) 
reflcxions using the. computer program described in Appendix II on an 
14-7 
ICL 1905 computer. Unobserved rd'lexions were included with a value of 
IFol corresponding to approximately half the minimum observed intensity. 
Reflexions having sin0/t- less than 0.10 were ignored, and the remainder 
>vere divided into 9 ranges of sin6/t- as folloTis: 
0.10 - 0.20; 0.20 - 0.30; 0.30 - 0.35; 0.35 - 0.40; 0.40 - 0.45; 
0.45 - o.50; 0.50 - 0.55; 0.55 - o.6o; o.6o - o.65. 
The three-dimensional intensity distribution obtained in this 
way is compared with the theoretical curves for centrosym.11etric and 
non-centrosymmetric crystals in Figure 1. The Wilson ratio was 0.67 
compared with theoretical values of 0. 64 for c entrosymruetric and 0. 79 for 
the non-centrosymmetric case. These results point unequivocally to the 
All calculations were carried out using the Loughborough 
University X-ray (LUX) system of FORTRAN programs on the University 32K 
ICL 1905 computer. An adaptation of the syrilbolic addition programs due 
to Ahmed, Hall, Pippy and Hub er ( 1966) was used for the phase 
determination. The procedure is described in some detail in Section VI. 
A Wilson plot (Wilson, 194.2) was used to obtain overall scale 
.. 
and temperature factors as described in Section VI. The best straight 
line through the points on the graph of S =log [(mPEr:)/(m!Fol 2)l 
e j J 'j 
against sin2e as calculated by the compute.c program is shown in Figure 2. 
The intercept of this ·line at sin2e = 0 gave the overall scale factor K 
· o2 
as 1.1, and a value of the overall temperature factor B = 3. 2 A was 
obtained from the slope. 
Normalised structure factors were calculated for all reflexions, 
including those treated. as unobserved, The distribution statistics of 
the normalised structure amplitudes are compared in Table 1 v1ith the 
theoretical values for centrosymmetric and non-centrosymmetric structures 
14-'8 
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·Table 1 Distribution statistics of.the I E I amplitudes 
Calculated for Theoretical for Theoretical for 
this structure centrosymmetric non-centrosymmetric 
<lE I) 0.821 0.798 0.886 
<I E2/) 1.024 1.000 1.000 
<I E2 - 11> 0.945 o.g68 0.736 
I El> 3 0.1 % 0.3 % 0.01 % 
I El>2 4.3 % 5.0% 1.8% 
I El> 1 34.0% 32.0% 37.0% 
(Karle, llau9tman, Karle and Wing, 1958). 
• 
Initially the 154- reflexions with IEI values greater than 1.5 
were sorted into descending order of magnitude. The 4-8 reflexions with 
I E I values greater than 2.0 were used in the first part of the sign 
d_~termination, but less than half of the signs were determined because of 
the small number of E-triplets. This did not produce a satisfactory 
number of signs amongst the weaker jz I values dmm to 1.5 in the second 
stage. The ·calculations were repeated using the 186 reflexions having 
IEI values greater than 1.4-, and the 88 jr:j values above 1,8 were used in 
the first stage. 
• The program automatically selected three linearly independent 
reflexions required to define the origin. These were the -1 ,0 ,6; 
-3,0,5; and 3,5,1 reflexions, which appeared fourth, seventh and ninth 
respe~tivcly in the list of descending jEI values. 
The signs of the largest IEI values above 1.8 were estimated 
first using single E-triplots. The symbols A, B, C and D were 
introduced, and to avoid the acceptance of an incorrect sign at an early 
stage, the probability at which a newly determined sign was accepted \7as 
initially set very high. The limit was reduced progressively in steps 
8.0- 7.5- 7.0- 6.5- 6.0- 5.5.- 5.0-4-.5-4-.0-3.5-3.0- 2.5-
2.4- ~ 2.2 - 2.0. The minimum limit corresponds to a probability of 98%. 
The value of a3a;
312 (see Section VI~ for this compound is 0.266. From 
the acctunul'>ted information about the signs of the symbols it was clear 
that the sign of A was + , B was - , C ·was + and D was - • This gave 
the signs of all the 88 strong reflexions, without giving any 
contradictions in the E2 relationships between them. 
In the second stage an attempt was made to sign the vreaker IEI 
values (1.8- 1.4-) using the signs of·th,e large~ lr:l values already 
determined. This produced signs for 97 out of the 98 weaker reflexions 
with the minimtun acceptable probability set at 9-§o. 
I 5'2 
11. Three-dimensional E-map. 
A three-dimensional E-map was computed on the 88 + 97 = 185 
signed reflexions, using theE values instead of Fo values in the Fourier 
expression for the space group P21/m : 
J"(XYZ) = V 2 Z:: Z:: F(hke) cos211(hX + .tz) 
C h,o bo t•O 
.L t .., .;. ., [( k = 2n) 
+ F(hk~) cos211(-hX + ~z)J cos2JikY .. 
.., ,.. ., [(k = 2n + 1) 
-~~; .. L F(hk~) sin211(hX + ez) 
+ F(nkt) sin211( -hX + t-z)J sin2JL'<:Y} (electrons) J.-3 
(International Tables, 1965). This map clearly showed the positions of 
the sulphur, phosphorus and seven of the eight carbon atoms. From bond 
length and angle calculations it was deduced that the ei~;hth carbon atom 
was located on a much lower peak, which was approximately the same hei~;ht 
as several unexplaineil backeround pea.J:s. 
12. Three-dimensional Patterson mau, 
A three-dimensional Patterson summation was performed, usine 
IFol 2 values as coefficients in the electron density expression for the 
space group P2/m (the Patterson space group of the monoclinic system). 
This expression is given in Section V.10. 
.. The Patterson map was readily interpreted, and gave an 
orientation of the molecule which was identical to that obtained from the 
E-maP• 
Since there are only two molecules in the unit cell, the space 
group requires that the molecule must possess either a centre of symmetry 
or a mirror plane (International Tables, 1965). The former is impossible 
so the mirror plane must pass through the P = S atoms, with the benzene 
ring either in the mirror plane or normal to it. The heterocyclic ring 
must be perpendicular t'o the mirror plane. The orientation derived from 
the E-map and the Patterson synthesis unambiguously showed that the 
aromatic ring lies in the mirror plane, 
• 
13. Three-dimensional structure refinement. 
All the calculations were performed using adaptations of the 
NRC Datareduction and Fourier programs (Ahmed, Hall, Pippy and Hub er, 1966) 
an.d a full matrix least squares refinement program·LEE-ORFL3 (a 
substantially re-written and extend.ed. version of the Busing, Martin and 
Levy (1962) program ORFL3), 
Tho expressions for the calculation of structure factors for 
the space group P21/m are given in International Tables (1965) as: 
when k = 2n; A = 4cos21t(hx+tz)cos2nky; B = 0 
when k = 2n+1; A = -4sin21t(hx+h) sin21tky; B = 0: A = B = 0 if' h = ~ = 0. 
The computer programs in the LUX system use a generalised structure 
factor expression, and symmetry information. is introduced in the form of' 
the fractional coordinates of' equivalent positions generated by the 
symmetry. In the space group P21/m, an atom at x,y,z is repeated at 
x,y,z; - I -x,I+Y,z; and x,t-Y ,z. The asymmetric unit in this case is one 
quarter of' the unit cell, and comprises one sulphur atom 3(1) and one 
methylene group C(1), H(1) and H(11) from the heterocyclic ring, at full 
weight; together- with the atoms which lie in the mirror plane P, 3(2), 
C(2), C(3), C(4), C(5), C(6), C(7) and the aromatic hydrogen atoms, at 
half'.' weight. 
A structure factor calculation was performed on the sulphur, 
phosphorus and carbon atoms in the positions suggested by the E-map. The 
overall scale factor was obtained from the Wilson plot, and individual 
isotropic temperature factors of' B = 3.0 R2 for the sulphur and phosphorus 
atoms and B = 4.0 R2 for the carbon atoms were assigned on the basis of' 
the overall temperature factor also obtained from the i7ilson plot. The 
atomic scattering factors used were due. to Hans~n, Herman, Lea and 
3killman (1964). The curves for sulphur and phosphorus were modified for 
the r-eal part of anomalous dispersion (Dauben and Templeton, 1955). The 
agreement factor vms R = 24.9% based on the 1027 reflexions regarded at 
• this stage as being observed. 
The atoms v1hich lie in the mirror plane have their y/b 
coordinates fixed by symmetry, and these wore not refined at any stage • 
. Two cycles of least squares refinement of the positional and isotropic 
temperature factors using unit weights only reduced R to 23.zr&. 
Interlayer scale factors v1ere refined, and a Cruiclcshank type of weighting· 
scheme: 
(Cruiclcshanlc, 1965) was introduced. 
parameters reduced R to 20.61~. 
Two further cycles refining the same 
At this stage anisotropic temperature factors were introduced 
for the sulphur and phosphorus atoms. Because of the symmetry the terms 
p12 and p23 for the atoms lying in the mirror plane are required to be 
zero, and no attempt was made to refine them. After one cycle of 
refinement R fell ·to 14.81;, and subsequent correction of interlayer scale 
factors and the use of new weight constants reduced R to 12. 2/S after two 
more cycles. 
Hydrogen atom positions were calculated at a distance of 1.075 ~ 
from.the carbon atoms to which they are attached. assuming an approximately 
tetrahedral or plane triangular arrangement of bonds as appropriate. 
These positions Vlere in accord with a difference Fourier map. The 
hydrogen atoms were included in the calculations in fixed positions with 
isotropic temperature factors of B = 6.0 R2 • The carbon atoms were 
allovred to refine anisotropically and. after two more cycles of refinement 
the . at;reement factor was 10.1%. A bond length calculation showed that 
the C(1) - C(1') bond length (which had previously been close to the value 
found in the related compound 2,5-dithio 1-chloro 1-thiophosphorus(V) 
cyclopentano; see Section VI) had suddenly changed with the introduction 
of anisotropic temperature factors. An isotropic temperature factor was 
us~d for C(1) because of this. Two cycles of refinement of the positions 
of the sulphur, ·phosphorus and carbon. atoms, and of the isotropic 
temperature factor of C( 1) together with the anisotropic temperature 
factors of sulphur, phosphorus and the remaining carbon atoms were 
performed. This restored the C(1) - C(1 ') bond length to its former 
value. 
From an examination of the agreement analysis it was evident 
that some very weak reflexions were very unreliable. Because of this, 
subsequent calculations were performed only on the 944- independent observed 
ref'lexions whose intensi ties were observed greater than four times their 
standard deviation, 
New hydrogen positions were calculated on the basis of the 
improveiL positions. Final weight constants of' A = 1. 000, B = -Q, 054 
and C = 0.047 vrere calculated from the> results of an agreement analysis 
using the computer program described· in Appendix III on an ICL 1905 
computer. 'J'he final weight curve is shown in Figure 3, Four further 
cycles of refinement 11ere carried out in which the same parameters were 
varied as before, except that C( 1) was al1011ed to refine anisotropically 
but its positional parameters were not varied, New hydrogen positions 
were calculated again and the reliability index converged at R = 9.1$'6, 
Final atomic coordinates and their estimated standard deviations 
are shown in Table 2, the calculated positions of the hydrogen atoms are 
given in Table 3, and the final temperature factor parameters are listed in 
Table 4. Observed and calculated structure factors are listed in Table 5 
and an agreement analysis is shovm in Table 6. 
The signs of the 185 strong reflexions predicted by the symbolic 
addition procedure were compared 11ith the final calculated signs. 
predicted signs were found to be correct. 
All the 
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Table 2 Final atomic coordinates and their estimated standard 
deviations 
Atom x/a y/b z/c x/a y/b z/c 
S(1) 0.2231 0.9684 0.5380 0.0002 0.0002 0.0002 
S(2) 0.0882 0.7500 o.86o8 0.0002 o.oooo 0.0003 
p 0.2.361 0.7500 o. 7135 0.0002 0.0000 0.0002 
C(1) 0.1498 0.8508 0.3485 o. 0011 0.0017 0.0013 
C(2) 0.4198 0.7500 0.8299 o.ooo6 o.oooo 0.0008 
C(3) o. 5391 0.7500 0.7425 o.ooo8 o.oooo 0.0010 
c(4) 0.6778 0.7500 0.8353 o.ooo8 0.0000 0.0014 
C(5) 0.7011 0.7500 1. 0147 0.0009 o.oooo 0.0013 
. C(6) 0.5835 0.7500 1.1027 0.0010 o.oooo o. 0011 
C(7) 0.4415 o. 7500 1.0072 o.ooo8 0.0000 0.0009 
Table 3 Calculated positions of hydrogen atoms 
Atom Bonded to x/a y/b. z/c 
H(1) C(1) 0.0382 0.8942 0.3147 
H{11) C(1) 0.2101 0.8942 0.2498 
H(3) C(3) o. 5225 0.7500 o.6o36 
H(4) c(4) 0.7697 0.7500 o. 7681 
H(5) C(5) o.81o3 o. 7500 1.0854 
H(6) c(6) o.6oo4 o. 7500 1. 2416 
ii(7) C(7) 0.3492 0.7500 1. 0737 
The hydrogen atoms were assigned an isotropic temperature 
factor of B = 6.0 ~ 2• 
Table 4 Final temperature factor parameters 
, 
Atom 1311 1322 1333 13 12 1313 1323 
8(1) 0.0170 0.0158 0.0193 -0.0029 -0.0001 0.0070 
8(2) o.oo88 0.0293 0.0201 o.oooo 0.0076 o.oooo 
p 0.0073 0.0074 0.0128 0.0000 0.0039 0.0000· 
C(l) o.o439 0.0332 0.0183 0.0201 -0.0026 .:o.oo41 
C(2) 0.0075 0.0053 0.0150 o.oooo o.oo36 o.oooo 
C(3) 0.0090 0.0174 0.0199 0.0000 o.oo44 0.0000 
C(4) o.oo8o 0.0148 0.0331 o.oooo o.oo62 o.oooo 
C(5) 0.0098 o. 0113 0.0338 o.oooo -0.0023 o.oooo 
c(6) o. 0151 0.0147 . 0.0205 o.oooo -0.0031 o.oooo 
C(7) 0.0103 0.0111 0.0166 o.oooo 0.0034 0.0000 
2 2 2 TF = exp[-(h 13 11+ k 1322 + 1 1333 + 2hkf312 + 2hlf313 + 2klf323)] 
TABLE 5. Observed and calculated structure factors 
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Table 6 Agreement.analysis 
·Fobs number of R sine/:>.. number of R layer number of R 
planes planes planes 
0- 3 1o4 17.3% o.o-0.1 6 19.8% hOl 151 12.8% 
3- 6 213 10.5 o.1-o.2 36 17.7 hll 149 9.2 
6 - 9 169 8.6 0.2-0.3 85 9. 1 h21 149 7-5 
9 -12 141 7.0 0.3-0.4 165 7-7 h31 129 8.2 
12 -15 99 7.2 o.4-o.s 240 7.6 h41 121 7.2 
15 -18 72 8.1 o.s-o.6 318 8.0 h51 107 g.o 
18 -21 37 7.6 o.6-o.7 94 8.1 h61 79 8.2 
21 -24 26 8.0 h71 59 8.1 
24 -27 24 g.8 
27 -30 13 9.9 
)30 46 12.2 
14. DiSCl_'!_SSiOn, 
A view of the molecule is given in ]'igure 4, • and the contents 
of one unit cell as seen down [o, 1 ,o] are shown in Fic;ure 5. 
Bond lengths and angles together with their estimated standard 
deviations are listed in Tables 7 and 8. The standard deviations of the 
C( 1) - c( 1 ') bond, and of angles involving S( 1 ') and C( 1 ') were treated 
differently from the others, to allow for the mirror plane of symmetry 
passing through the heterocyclic ring (Cruickshank and Robertson 1953; 
see Section II). 
The aromatic ring and the P = S(2) atoms lie exactly in the 
mirror plane, and the heterocyclic ring is bisected by this mirror. 
The environment of the phosphorus atom is roughly tetrahedral. The bond 
length p·= S(2) of 1.936·R ~ 0.002 ~is shortened by backbonding from a 
full sulphur p orbital to an empty phosphorus d orbital. The sum of 
Pauling's (1960) double bonded radii for phosphorus and sulphur is 1.94 .R. 
If the Schomaker-Stevenson (1941) correction for electronegativity 
difference is applied, the Pauling distance becomes 1.91(6) R (see 
Section II). A considerably shorter P = S bond of 1.910 R occurs in the 
analogous compound 2,5-dithio 1-chloro 1-thiophosphorus(V)cyclopentane 
(see Section VI). In this compound the high electronec;ativity of chlorine 
prob~bly localises the d orbitals on the phosphorus atom and causes more 
effective n overlap and hence a shorter bond. The observed P = S(2) value 
is comparable with values of 1. 95 l?. fn bis( cyclo.tetramethylene) diphosphine 
disulphide (Lee and Goodacre, 1969; see Section III), 1.95 R in 
bis(cyclopentamethylene) diphosphine disulphide (Lee and Goodacre, 1970; 
see Section IV), 1.95 R and 1.97 ~in tetramethyl diphosphine disulphide 
(Lee and Goodacre, 1971; see Section V), and 1.94 .R in tetra ethyl 
diphosphine disulphide ( Dutta and Vlool.fson, 1961). The P = S bond length 
reported for 1, 2-dimethyl 1, 2-diphenyl diphosphine disulphide (Yiheatley, 
1960) of 1.98 R is considerably longer. 
ll.7 
FIG-URE 4. A view of' the molecule 
tt(u) 
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Table 7 Bond lengths and their estimated standard deviations 
Bond ·Distance er-" 
P - S(1) 2.087 ~ 0.002 ~ 
P - S(2) 1.936 0.002 
P - C(2) 1.801 o.oo6 
S(1) - C(1) 1. 751 0.011 
C(1)-C(1 1 ) 1.459 0.025 
C(2) - C(3) 1.397 0.009 
c(3) - c(4) 1.373 0.011 
c(4) - c(5) 1.389 0.015 
C(5) - c(6) 1.386 0.013 
c(6) - C(7) 1.407 0.011 
C(7) - C(2) 1.373 0.009 
Table 8 Bond angles and their estimated standard deviations 
Angle a--' 
S(2)- P- S(1) 115.1° 0.1° 
S(2) - P - C(2) 113.9 0.2 
S(1)- P- S(1') 98.5 0.1 
S(1) - P - C(2) 1o6.4 0.2 
P- S(1)- C(1) 99.4 0.4 
S(1) - C(1) - C(1 1 ) 119.1 o.8 
P - C(2) - C(3) 121 .o 0.4 
P - C(2) - C(7) 118.9 0.4 
C(3) - C(2) - C(7) 120. 1 0.5 
-
C(2) - C(3) - C(4) 119.5 o.6 
C(3) - C(4) - C(5) 120.9 0.7 
c(4) - c(5) - c(6) 120.1 0.7 
C(5) - C(6) - C(7) 118.9 o.6 
C(6) - C(7) - C(2) 120.6 0.5 
The observed. p - s( 1) distance of 2,087 l.:!: 0.002 R is 
significantly longer than the P - S values of 2.051 R in 2,5-dithio 
1-chloro 1-thiophosphorus(V)cyclopentane, The values in both of these 
compounds are very much shorter than the sum of Pauling' s sin&lo bonded 
radii (2.14- ll.), and the electronegativity corrected value of 2.11(6) R. 
The s( 1) - c( 1) bond len&th is 1. 75 R.- This is short compared 
with the sum of Pauling' s single bonded radii ( 1 •. 81 R) and the values of 
lto 
1. 81 1l. and 1.83 R in 2,5-dithio 1-chloro 1-thiophosphorus(V)cyclopentane 
and 1 , 818 Ji in methanethiol cn3sH (Kilb, 1955), There is no obvious 
explanation for the apparent shortening of this bond. The C(1) - C(1') 
bond· of 1.4-6 1l. is appreciably shorter than the normal single bond distance, 
but is fairly close to the value of 1.4-7(5) R in the chlorine analogue. 
The-P- C(2) distance of 1,801 R:!: 0.006 R is close to the 
values of 1.80 Jl., 1.82 Rand 1,82 R in tetramethyl diphosphine disulphide, 
1.81 R in bis(cyclopentamethylene) diphosphine disulphide, 1.82 R in 
·bis(cyclotetramethylene) diphosphine disulphide, 1.82 R in 1,2-dimethyl 
1,2-diphenyl diphosphine disulphide and 1,82 Rand 1.84- R in tetraethyl 
diphosphine disulphide. The sum of Pauling's (1960) single bond radii 
for phosphorus and carbon is 1. 872 R which when corrected for the difference 
in electronegativity gives a bond .length of 1.84- j__ 
plane, 
normal. 
The aromatic ring is exa.ctly planar since it lies in the mirror 
The c - c distances are in the range 1.37 l to 1.4-1 Rand are 
The tetrahedral arrangement of bonds round the phosphorus is 
distorted by the shortness of the P = S(2) bond, This results in the 
three angles 3(2) - P- S(1), S(2) - P- 3(1') and S(2) - P- G(2) being 
greater than tetrahedral (115.1°, 115.1° and 113.9° respectively). The 
remaining three angles are therefore loss than tetrahedral. The angle 
S( 1) - P - S ( 1') is further redu(led by the inclusion of the phosphorus 
atom in a five-membcred heterocyclic ring. 
11( 
The heterocyclic ring is strained, and this puckers the ring 
and distorts the angles P- S(1)- C(1) to 99.4°, and S(1) - C(1) ~ C(1') 
0 
to 119.1 • The best least squares plane through the heterocyclic ring 
was calculated by the method of Sehomaker, Van Waser, Marsh and llergman 
(1959). This is shown in Table 9 together with the distances of the 
atoms from the plane. 
A scan of all interatomic distances up to 4.0 11. vras performed. 
The non-bonded distances less than the stun of the van der Waals radii 
which occur vrithin one molecule are listed in Table 10. The van der 1'/aals 
radii used are due to Pauling (1960): S = 1.85 R, P = 1.9 R, CH2 = 2.0 R, 
half·thickness of aromatic ring= 1.70 R, H = 1.2 R. These close 
approaches are all unavoidable. Three of these involve S and H atoms: 
S(1) ••• H(1) = 2.31 R, S(1) ••• 1!(11) = 2.31 R, S(2) ••• H(7) = 2. 71 .R. 
Despite the shortness of these distances the possibility of intramolecular 
hydrogen bonding is precluded by the angles C(1)- H(1) ••• S(1) = 46.5°, 
C(1) - H(11) ••• S(1) = 46.5° and C(7) - H(7) ••• S(2) = 114.0°. 
Short intermolecular contacts involving a sulphur atom are 
li.sted in Table 11(a). It has been suggested that the Pauling value for 
the van der lVaals radius of sulphur of 1.85 R is too long, and a value 
of 1. 72 - 1. 73 R is more appropriate (Fava Gasparri, Nardelli and Villa 
(1967); Nardelli, Fava Gasparri, Giraldi Battistina and Domiano (1966); 
"' Zdanov and Zvonkova (1950); van der Helm, Lessor and Merritt (1960); 
Lee and Bryant ( 1969) (a) and (b)). Accepting this smaller value, these 
contacts all become n~rmal. 
Other short intermolecular approaches are given in Table 11(b). 
No significance is attached to these. 
The integrated intensities of the hetcrocyclic and aromatic 
protons in the proton n.m.r. spectrum in deutero chloroform solution 
gave a ratio of 4:5 (Peake, Fild, and Schmutzler, 1970). The proton 
n.m.r. spectrum of the heterocyclic methylene protons showed. the presence 
172 
Table 9 Best least squares plane through the heterocyclic ring 
Atoms in plane Equation to plane 
P, S(1 ), S(l' ), C(1), C(1 1 ) 9.20X + O.OOY - 2.42Z ~ 0.60 
(X, Y, and Z refer to the unit cell axes a, b and c) 
Distances of atoms from the plane 
p o.157 R 
S(1) -0.14 7 
S( 11 ) -0.147 
C(1) o.a59 
C(1 1 ) o.<XJ9 
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• Table 10 Non bonded distances less than the sum.of the van der Waals' 
radii which occur within one molecule 
Distance Distance 
3.4o R 0 8(1) ••• 8(2) c(2) •••. c(4) 2.3911 
8(1) ••• C(2) 3.12 C(2) ••• C(5) 2.78 
8(1) ••• C(3) 3.49 C(2) ••• c(6) 2.42 
8(1) ••• H(1) 2.31 C(2) ••• H(3) 2.15 
8 ( 1 ) • • • H( 11 ) 2.31 C(2) ••• H(7) 2.12 
-
8(1) ••• 8(1') 3.16 C(3) • •. C(5) 2.40 
8(1 ) ••• C(1') 2.77 c(3) ••• c(6) 2.79 
8(2) ••• 8(1 1 ) 3.40 C(3) ••• C(7) 2.40 
8(2) ••• c(2) 3.13 C(3) ••• H(4) 2.12 
8(2) ••• C(7) 3.30 c(4) ••• c(6) 2.40 
8(2) ••• H(7) 2. 71 C(4) ... C(7) 2.76 
p ••. C(1) 2.94 C(4) ... H(3) 2.13 
p ••• C(3) 2.79 C(4) , .. H(5) 2.14 
P ... C(7) 2.74 C(5) ••• C(7) 2.41 
P ... H(3) 2.93 C(5) ... H(4) 2.14 
P ... H(7) 2.85 C(5) ••• H(6) 2.14 
C(1) ... 8(1 1 ) 2.77 C(6) ••• H(5) 2.14 
C(1) ... H(1 1 ) 2.05 c(6) ••• H(7) 2.15 
C(1) ... H(11') 2.05 C(7) ... H(6) 2.16 
Table 11 (a) Short intermolecular approaches involving a sulphur atom 
Atom generated Coordinates of generated atom 
by symmetry x/a y/b z/c 
8(1) ••• H(1) -0.0382 1. 1058 o.6853 
8(1) ••• H(6) 0.3996 1 .2500 o. 7584 
8(2) ••• C(1) -0.1498 1.1492 o.6515 
8(2) ... C(1) -0.1498 0.3508 o.6515 
8(2) ... H(4) -0.2303 0.7500 o. 7681 
H( 1 ) • • • S ( 1 ) -0.2231 1. 0316 o.462o 
H(6) ••• 8(1) 0.7770 1. 0316 1.4620 
C(1) ••• 8(2) -0.0882 1.2500 0.1392 
(b) Other short intermolecular approaches 
C(1) ••• H(7) 0.3492 
C(1) ••• H(4) 0.2303 
H(7) ••• C(1) 0.1498 
H(7) ••• C(1) 0.1498 
H(4) ... c~ 1) 0.8502 
H(4) ••• C(1) 0.8502 
0.7500 
1.2500 
0.8508 
0.6492 
1.1492 
0.3508 
0.0737 
0.2319 
. 1.3485 
1.3485 
o.6515 
0.6515 
.. ~ .-, .. 
''~'~-:. 
Distance 
3.03 ~ 
2.99 
3.84 
3.84 
2.93 
3.03 
2.99 
3.84 
3.15 
3.16 
3.15 
3.15 
3.16 
3.16 
of t11o different types of protons in a typical second order A2B2 system. 
The observation of a mirror plane of symmetry in the X-ray analysis 
implies that one pair of methylene protons is cis and thB other pair 
trans to the P = S bond, rather than the two protons on C( 1) being 
equivalent but different from the two protons on C(1'). 
I /';> 
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1 • Introduction, · 
The determination of the structure of 2,5-dithio 1-methyl 
1-thiophosphorus(V) cyclopentane: 
was undertaken as part of the series of structural investigations on the 
group of new compounds of the type: 
prepared by Professor R. Schmutzler and his eo-workers (Peake, Fild and 
Schmutzler, 1970). 
2. Optical examination of crystals. 
A sample of the compound was kindly provided by Mr. s. C. Peake 
(Loughborough University), Recrystallisation from diethyl ether gave 
. 0 . 
colourless crystals of melting point 74 C, in the form of· rather thin 
.• 
rectangular blocks. 
Vfhen single _crystals were viewed under the polarising microscope 
parallel to their shortest dimension, extinction was observed in two 
positions which were not parallel to a crystal face, It was difficult 
to observe extinction in other orientations because the crystals were 
rather thin, so it was concluded that the crystals were either triclinic 
or monoclinic, 
3. Crystal density. 
The crystal density was determined by the method of flotation 
using aqueous solutions of potassium iodide. The density of the 
flotation liquid in which the crystals remained suspended was measured 
by means of a Westphal balance, and a value Dm = 1.51 g.cm:-3 was obtained, 
4• X-ray nhotogranhy. 
Crystals were ~ound to be unstable in air because o~ 
sublimation, so single crystals were mounted in thin-walled Pyrex · 
capillary tubes ~or the X-ray analysis. 
A 180° oscillation photograph showed symmetry along the 
. ~ 
direction o~ each layer line, but not between +n ·and -n layer lines. 
This suggested that the crystal was monoclinic mounted about a non-unique 
axis, so the axis of rotation was arbitrarily called a. A zero layer 
Weissenberg photograph showed exact symmetry about each axial row, and the 
rows were separated by 90°. On a ~irst layer Weissenberg photograph 
symmetry was observed only about one axial row and the other row was 
slightly curved. This confirmed the crystal system as monoclinic. 
A second single crystal o~ approximate dimensions 0.06 mm. x 
0.13 mm. x 0.19 mm. showed symmetry in all ~our quadrants o~ a 180° 
oscillation photograph, but no symmetry was observed on zero and ~irst 
layer Weissenberg photographs. This crystal was there~ore mounted about 
the -unique (b) axis, and 17as subse9-uently used to collect intensity data. 
5. Space grouo and choice o~ unit cell. 
The lattice parameters were ~irst measured fiom high order. 
re~lexions on the oscillation· and zero layer \7eissenberg photographs, and 
then.refined on a St8e di~~ractometer. This gave the values a = 6.330 R, 
b = 15.059 Rand c = 7.835 R to within :!: 0.003 R, and J3 = 95°55' :!: .15'. 
The systematic absences based on this unit cell were: 
hO~ observed only when h + .t = 2n 
hOO (observed only when h = 2n) 
OkO observed only when k = 2n 
OO.L (observed only when 1!.- = 2n) • 
These absences determine the space group tmiquely as P2/n· This space 
group is not given in International Tables (1965) because it is an 
alternative form of the space g~oup P21/c ·(c~h' No.14): the diagonal 
glide plane n can be replaced by a c axial glide plane by choosing a 
different but related unit cell. 
For convenience, it vms decided to use the P21/c unit cell, so 
new lattice parameters a, b, c, ~ were calculated from the original 
values a', b', c•·, ~·and w~· ( = 180- p•) using the equations: 
a = a' = 6.330 .ll. 
b = b' = 15.059 ~ 
j a'2 2 0 = + c' + 2a'o'co~~· 
~ r.*. + -1 t 2 2: = cos o' + c 
2c'c 
= 9.551 R 
a' 
2 J ~ 1 25°19 ' • 
The new c axis is a diagonal of the original cell, but the original axes 
a' and b' are retained. Both unit cells have the same volume. The 
Weissenberg films were reindexed on the basis of this unit cell and the · 
systematic absences: . 
hO-t observed only when t = 2n 
OkO observed only when k = 2n 
oot. (observed only when' e.= 2n) 
confirmed the space group as P21 /o~. 
Three-dimensional intensity data had already been collected on 
the basis of the original unit cell, so it •vas necessary to reindex all 
the refiexions. Considering the crystal lattice, it was found that the 
point 1 unit cell along the new o axis corresponded to a point in the 
original unit cell -1 cell along a' and-~ cell along c', 
the transformation matrix (International Tables, 1965) as: 
1 
0 
:; 
0 
1 
0 
0 
0 
:; 
This defined 
and the matrix was used to calculate new !.!iller indices h,. k, t from the 
original !.!iller indices h', k', ~· for each reflexion, as follows: 
h = h' 
k = k' 
fL-=-h'-L'. 
The measured crystal density of' 1.51 g.cm":"3 corresponds to f'our 
molecules per unit cell, f'or which the calculated density D is 
. . c 
1.522 g.cm':"3 The molecules theref'ore occupy general positions in the 
space group P21/c, and there is no molecular symmetry (International 
Tables, 1965). 
6. Crystal data. 
Slc3H7 , M = 170.26. 
Monoclinic, a= 6.330 lL b = 15.059 .R, c = 9.551 lL all:': 0.003 .R; 
p = 125° 19' :': 15'. 
U = '742. 9 RJ.. __ z = 4, Dm = -'3 1.51 g.cm. , D 
c 
-3 
= 1.522 g.cm. 
F000 = 352,. 11 = 
-1 98.6.cm. 
CuKa1 , A= 1.54051 .R; CuKa2 , A= 1.54433 .R. 
Space group P2/c (No.14). 
7. Collection of' intensity data. 
The crystal described previously was accurately aligned on the 
Stile dif'f'ractometer by means of' the OkO ref'lexions .• Equi-inclination 
. 1\'eissenberg data were then collected f'or the layers hOe. to h14e., and the 
measUrements were converted to I and I Fol as described in Section II. 
This produced 600 independent ref'lexions with I Fol values greater than 
three times their standard deviation (estimated f'rom the counting 
statistics) and these ref'lexions were subsequently treated as observed. 
No corrections were made f'or absorption or extinction ef'f'ects. 
8. Phase determination. 
All the calculations were carried out using an adaptation of' 
the computer programs f'or symbolic addition written by Ahmed, Hall, 
Pippy and Huber (1966) f'or an I~ 1905 computer. The procedure is 
described in some detail in Section VI. 
I {:io 
Reflexions too weak to be observed were included 1vith the 
observed reflexions and a Wilson plot (Wilson, 194.2) was performed as 
described in Section VI. The points on the graph of: 
S =lege{ (m,0 ~ f~)/(m!Foi 2)} 
against sin2e are shown in Figure 1, together vrith' the best straight line 
through these points computed by the method of least squares. The slope 
of this line gave a value of the overall temperature factor B = 2.4 .l\.2; 
and the intercept at sin2e = 0 gave·the overall scale factor K as 13.1. 
Normalised structure amplitudes IEI were calculated for both 
obser:ved and unobserved reflexions. The distribution statistics of these 
values are compared in Table 1 with the theoretical values for centre-
symmetric and non-centrosymmetric structures (Karle, Hauptman, Karle and 
Wing, 1958). 
The 281 rehexions having I E I values greater than 1.4 were 
sorted into descending. order of magnitude. As described in Section VI, 
the computer programs estimate the signs of the strongest reflexions 
first and then these reflexions are used to estimate the signs of smaller 
I E I values. In this case the 124-.reflexions having IEI values greater 
. . . 
than 1 .8 were used in the fir.st stage of the sign determination and these 
were then applied to the 157 smaller IEI values down to 1.4. 
Three linearly independent reflexions required to define the 
origin of the unit cell were selected automatically by the computer 
program. These were. the 1, 7,2; 3,2,11; and 4,3,4 reflexions, which 
appeared sixth, seventh and tenth respectively in the list of descending 
lE I values, and their signs were assumed to be positive. 
The signs of the largest lE I values above 1. 8 were estimated 
first using single E-triplets which satisfied the E2 relation~hip. 
Triplets involving two origin defining reflexions and one other reflexion 
were used first, then the symbo1s A and B were introduced as necessary. 
FIG~. Wilson plot 
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Table 1. 
(lE I> 
(JE2j) 
( JE2- 11> 
JEJ> 3 
IEJ> 2 
IEJ > 
1'33 
Distribution statistics of the IEJ amplitudes 
Calculated for Theoretical for Theoretical for 
this structure centrosymmetric non-centrosymmetric 
0.741 0.798 0.886 
0.998 . 1. 000 1. 000 
1 • 1 51 0.968 o. 736 
0.3 % 0.3 % 0.01 % 
6.o % 5.0% 1.8% 
31.5% 32.0% 37.0% 
To avoid the acceptance of an incorrect sign at an early stage, the 
pro:t:ability at which a newly determined sign was accepted was initially 
set very high. The limit was reduced in steps from 8.0 - 7.5 - 7.0 for 
acceptance of a sign from two origin defining reflexions, 6.5 - 6.0 - 5.5 
for symbol A and 5.0 - 4.5 - 4.0 for symbol B. The value of a3a;312 
.. (see Section VI) for this compound is 0.221. From the accumulated 
information about the signs of the symbols it was clear that the sign of 
A was + , but there were insufficient acceptable combinations of the 
symbol B to determine its sign. This resulted in sighs for only 71 of· 
the 124 largest IEI values. The first stage of the sign determination 
was repeated with the acceptable probability limit reduced in steps from 
7.0 - 6.5 - 6.0 - 5.5 - 5.0 - 4.5 - 4.0 - 3.5 - 3.2. The minimum limit 
corr'esponds tg a probability greater than 9cfo. The sign of A was agai~ 
shO\m to be + , since there were no disagreements in the 27 :1:2 
relationships involving this symbol. The symbol B was found to be + 
once and -. eight times. >Vhilst these were not strong combinations it 
seemed likely that the sign of B was - • When the signs of A and B 
were applied to the 124 reflexions having I E I v.alues greater than 1. 8, 
all but two of the reflexions were signed. 
In the .second stage signs of the weaker IEI values between 
1.8 and 1.4 were estimated using the signs of the larger lE I values 
already determined. This produced signs for 144 out of the 157 weaker 
reflexions with a minimum. probability limit of. 911~. 
9. Three-dimensional E~map. 
A three-dimensional E-map was computed on the 122 + 144 = 266 
signed reflexions, using E values instead of Fo values in the Fourier 
·expression for the space group P21/c: 
4 ~ ., · ., .., [(k + t = 2n) 
.f' (XYZ) = V c l h~O k~O .t.~O F(hkt) cos2n(hX + tz) 
+ F(hkl) cos2n(hX - .1!-Z) J cos21d<:Y 
"' "" "' [ (k + t.. = 2n + 1) 
- ~O ~O ~O F(hke) sin2n(hX + I!.Z) 
+ F(hk~ sin2n(h X - U~ ;in2nkY 1 (electrons)Jl.-3 
This expression has been modified slightly from that given in 
International Tables (1965) to allmv the summations to be made over hkL 
and hkL reflexions {which were measured for this structure) rather than 
hkll- and nk.t reflexions. For the. space group P21/c the magnitudes of 
F(iike..) and F(hkl) are identical, but their signs are opposite when the 
sum of k and -t is odd. 
The E-map clearly indicated the positions of the three sulphur 
atoms and one phosphorus atom in the molecule. There were several other 
smaller peaks, and one of these was found to be in a sensible position for 
the carbon atom of the ·methyl group by means of a bond length and angle 
calculation. No _positions. for the methylene carbon atoms in the 
heterocyclic ring were proposed f'rom the map. 
10. Three-dimensional structure refinement. 
All the calculations were performed ·using an adaptation of the 
NRC Fourier program (Ahmed, Hall, Pippy and Huber, 1966) and a 
substantially re-written and extended version of the program ORFLS 
(Busing, Martin and Levy, 1962), on an ICL 1905 computer. 
The expressions for the calculation of structure factors for 
the. space group P21/c are given in International Tables (1965) as: 
when k + .l!.- = 2n: A = 4 cos2n(hx + .tz)cos2!tky, B = 0 
when k + .l!.- = 2n + 1: A= -4 sin2n(hx + tz)sin2!tky, B = 0; A= B = 0 if 
h = £.- = 0 or if k = 0, 
but the computer program ORFLS uses a general structure factor expression 
applicable to any space group. Symmetry information is supplied in the 
form of the fractional coordinates of e~uivalent positions generated by 
the symmetry. In the space group P21/c an atom at x,y,z is repeated at 
x.,y,z; - ). I x, z+Y, 1:.-Z; and x,~-Y.{+z, so the asymmetric unit is one quarter 
of the unit cell. Since for this structure there are four molecules in 
the unit cell, the asymmetric unit contains one mo~ecule, and there is 
no molecular symmetry. 
A structure factor calculation was performed on the sulphur and 
phosphorus atoms and the methyl carbon atom; in the positions indicated 
by the E-map. Isotropic temperature factors of B = 2;5 R2 were assumed 
for the sulphur and phosphorus atoms, and the carbon atom was assigned a 
value of B = 4.0 R2• The overall scale factor was obtained from the 
Wilson plot. The atomic scattering factors used were those of Hanson, 
Herman, Lea aEd Skillman (1964), but· the values for sulphur and phosphor?s 
were modified for the real part of anomalous dispersion (Dauben and 
Templeton, 1955; 
index R = 29.?.%. 
·, 
see Section II). This gave a value of the reliability 
. ~c.mel-et-~ 
When the positional(and isotropic temp,erature factors 
of the atoms were refined using un:i,t vreights, R fell to 23.1fo after 
four cycles. 
l~b 
A heavy atom' Fourier map calculated from the observed structure 
amplitudes with the signs of the calculated structure factors at R = 23.8% 
was in accord with the E-map. Bond length and angle calculations showed 
that two of the peaks vrere reasonably placed for the methylene carbon 
atoms, but there were some other unexplained peaks. 
The two methylene carbon atoms were included in the refinement 
with isotropic temperature factors initially assumed to be B = 4.0 12• 
r=nrs 
After two cycles of refinement of positional~and isotropic temperature 
.factors using unit IV eights a value of the reliability index R = 21 • ':ffi 
was obtained. 
Interlayer scale factors were introduced and these were 
subse~uently corrected from the sums of IFol and IFcl after each least 
squares run, but -~hey were not refined in the least squares matrix. The 
sulphur and phosphorus atoms were allowed to refine anisotropically and 
a Cruickshank type of weighting scheme: 
1 
\V = ----'---'---:::-
A + BIFol + ciFol 2 
(Cruickshank, 1965) was introduced. R converged at 2o.2% after 
four cycles. 
A Fourier map still showed some unexplained peaks, but as these 
were not observed on a dif.ference Fourier map they were attributeil to 
termination of series errors. The possibility of solvent molecules 
being present in the crystal was discounted by the difference map, and by 
the' good agreement found between the measured and calculated crystal 
density values. 
1'61 
Refinement was continued using a Hughes type of weighting scheme: 
w = 1 if jFol ~ A; w = [l~ol] 2 if IFol > A 
(Hughes, 1941). A value of the constant A = 30 gave a curve which 
. 
fitted the observed data better than the Cruickshank type of scheme used 
previously. After six cycles of refinement of the same parameters as 
before, R converged at. 19 .o% •. 
High correlation coefficients were observed between the x/a and 
z/c fractional coordinates for each atom. To break this correlation the 
x/a coordinates were fixed and the other parameters were allowed to refine 
for one cycle, and then the z/c coordinates were fixed and x/a and the 
other parameters were refined. 
way reduced R to 18.3%. 
Alternate cycles of refinement in this 
The isotropic temperature factors of the carbon atoms 1vere 
converted into anisotropic ~values, _but attempted refinement of y/b and 
z/o coordinates and all six anisotropic temperature factors for each atom 
resulted in a non-positive definite value of p11 for one of the methylene 
carbon atoms, C(1). To avoid this difficulty the least squares run was 
.repeated with p~ 1 for each atom fixed, and R reduced to 17.1:% after two 
. . 
cycles. Two more cycles of refinement in which z/c coordinates and p33 
for each atom wer·e held constant and the other atomic parameters were 
refined further reduced R to its present value of 17.5%. 
Some difficulty vras experienced in choosing a weighting scheme 
which fitted the observed data satisfactorily. A close examination of 
an agreement analysis and the use of a different type of weight equation 
will probably allow refinement te proceed further. The location of 
hydrogen atoms on a difference Fourier map and their inclusion in 
structure factor calculations should also improve the agreement. The 
least squares refinement of this structure has been surprisingly slow, 
and no obvious explanation for this is apparent. 
The present atomic coordinates and their estimated standard 
deviations are shown in Table 2 and· the present temperature factor 
parameters are given in Table 3. The observed and calculated structure 
factors at R = 17.5% are listed in Table 4. 
11. Discussion. 
Bond lengths and bond angles based on the present atomic 
coordinates are listed in Tables 5 and 6, and a view of the molecule vrith 
the hydrogen atoms omitted is given in Figure 2. The molecular structure 
of 2,5-dithio 1-methyl 1-thiophosphorus(V)cyclopentane is very similar 
to that found for 2,5~dithio 1-chloro 1-thiophosphorus(V) cyclopentane 
(see Section VI) and 2,5-dithio 1-phenyl 1-thiophosphorus(V)cyclopentane 
(see Section VII), but no accurate comparisons of bond lengths and bond 
angles can be made at this stage. 
l '6'1 
Table 2. Present atomic coordinates and their estimated standard 
deviations 
Atom x/a y/b z/c er x/a a' y/b o' z/c 
S(1) 0.8817 o.4o41 0.3o60 0.0012 o.ooo8 0.0009 
S(2) 0.4615 0.3216 0.3539 0.0012 o.ooo8 o.ooo8 
S(3) 0.2692 0.3858 -o.o446 0.0015 o.ooo8 o.ooo8 
p 0.4845 0.4122 0.1987 0.001i 0.0007 0.0007 
0(1) 0.9777 0.3329 0.4810 0.0089 0.0038 O.Oo63 
0(2) 0.7662 0.2740 0.4453 0.0073 o.oo47 O.Oo63 
0(3) 0.4177 0.5194 0.2495 0.0055 0.0029 0.0035 
.. 
·, 
, 
Table 3. Present temperature factor parameters 
Atom 1311 1322 1333 1312 1313 1323 
S(1) 0.0190 o. 0116 0.0148 0.0021 0.0109 0.0021 
S(2) 0.0299 o. 0120 o. 0151 -o.ooo6 0.0167 0.0039 
S(3) o.o409 0.0120 0.0051 -0.0031 2·0070 -0.0014 . 
p 0.0188 0.0092 0.0070 0.0019 o.oo8o 0.0010 
C(1) o.o67o o. 0117 o.o422 0.0111 0.0309 o. 0116 
C(2) 0.0335 0.0256 o.o661 o. 0101 o.o4o2 0.0233 
C(3) o.o416 0.0110 0.0183 0.0035 0.0187 -0.0027 
., 
' 
--r~e..4-. Ooser"e&.. o..nd ~"'lo.!-e<t ,;h-vd-..,.-e ~ ... ~ ...... 
H K L FO FC H K L FO FC H K L FO PC H I( L FO FC 
0 0 -2 3 SI.~' -37.6 4 0 •10 22.5 -12.9 3 1 •2 26.2 25.5 0 2 ·2 49.0 -46,0 
0 0 -4 ?.0.6 18.'3 5 0 0 46. 1 -~7.9 3 1 ·3 22.2 •17.4 0 2 •3 51.2 50,0 
0 0 -6 24.6 26.5 5 0 2 28.9 25,8 3 1 •4 14.7 1 5 . 0 0 2 •4 26.1 27.9 
0 0 -I! ?.5.3 •30." 5 0 •10 23.6 •20,4 3 1 ·6 31.0 -35.8 0 2 ·5 46.3 52.8 
1 0 0 55.5 -68.7 6 0 •4 25.4 24,9 3 1 •7 21 . 9 ·19. 1 0 2 ·9 25.9 23.6 
1 0 -2 57.7 51 . :; 6 0 •6 21 • 5 •20,5 4 1 C) 25.9 15.6 1 2 0 20.5 •1.8 
1 0 2 44.4 40.4 6 0 ·8 23.4 27,0 4 1 •1 1 7 . 1 4.1 1 2 -1 67.9 97.4 
1 0 -4 211.1 -33. 1 6 . 0 •10 22.6 28,9 4 1 1 39.2 -35.4 1 2 1 23.8 26.9 
1 0 4 55.~· 54.2 0 1 ·1 8,9 •12. 0 4 1 •2 1 6. 4 ·23.~ 1 2 -2 17. 6 6,2 
1 0 -6 22.4 -19.7 0 1 •2 62.7 -?7,8 4 1 ·3 16.7 24.0 1 2 ·3 20.3 1 8. 9 
1 0 -I! 24.0 -25.1 0 1 •3 24.5 •32,6 4 1 •4 51 . 0 -60.11 1 2 ·4 58.0 ·58.4 
1 0 8 28.6 19.6 0 1 -4 17.7 •12.8. 4 1 ·5 41.6 ·45.5 1 2 5 35.3 36,4 
2 0 0 44.2 46. 1 0 1 ·8 23.4 •22.3 4 1 •I\ 3 4. 1 39. 5 1 2 ·6 23.6 1 3. 3 
2 0 -2 21\. ~ -37.0 1 1 •1 39,9 50,? 4 1 •7 46.4 48.5 1 2 6 18.4 9.7 
2 0 2 llll.3 -94.7' 1 1 -2 2 4. 1 -13.'1' 4 1 •111 20.9 ·8.9 1 2 ·7' 22.5 •19.1 
2 0 -4 54.5 -54. 1 1 1 2 30.4 •32,8 5 1 0 26.9 ·24.4 , 2 7 14.4 •16,5 
2 0 -6 '·3. 2 49 . 1 1 1 3 34.8 -39 .1 5 1 , 31 • 6 18.2 1 2 ·9 20.3 •16.8 
2 0 -8 21 . g, 14.5 1 1 •5 67.3 ?3,6 5 1 •2 32.8 21.2 2 2 •1 43.5 •53,8 
3 0 0 59.7 -59 . 1 1 1 5 16.? 18.0 5 1 ·3 30.8 24.6 2 2 1 63.6 67,8 
3 0 -2 74.0 78.5 1 1 ·6 27.? _,4,5 5 1 3 14.0 • 5. 1 2 2 -2 1 4. 5 •22.3 
3 0 2 21 . 0 28.9 1 1 6 27.? 2 4. 1 5 , •5 2Lil 24.7 2 2 2 1?.2 -10,4 
. 3 
. 0 
-4 21 . ~· 1 5 • i' 1 1 7 38.6 -39,3 5 1 •6 26.0 ·24 .1 2 2 •3 60.4 -68,6 
3 0 -6 26.3 31.2 2 1 0 51.9 S6,4 6 1 ·2 25.1 13 . ., 2 2 3 21.4 ·1 4. 1 
3 0 6 34.fl -33.9 2 1 ·1 76.5 96,4 6 1 •3 30.0 19.7 2 2 ·5 1 7. 5 1 3. 7 
3 0 -10 25.0 •19. 4 2 1 1 18.6 -19,0 6 1 -5 21 . 9 ·26.3 2 2 5 20.8 17.4 
4 0 0 :B.2 29.4 2 1 3 39.0 40,5 6 , •6 29.8 27.:? 2· 2 _., 38.3 •38.5 
.4 0 -2 37.8 37.9 :? 1 -s 34.6 •33,3 7 1 ·4 20.9 1 8. 2 2 2 ., 19. 4 21.0 
4 0 -4 16.6 -2 0. 1 2 1 ·6 57. , 65,1 7 1 ·6 25.5 ·24.0 3 2 ., 34.6 37.2 
4 0 4 1 8. 5 6.2 2 1 •7 27.9 25,7 7 1 •7 27.2 ·27.6 3 2 1 55.4 -66.9 
4 0 -6 . 22. 2 -23.5 3 1 •1 14. 6 •16,6 0 2 •1 67'.8 -109.3 3 2 •2 43.2 42.7 
-
.$J 
-
H K L FO FC H K L FO FC H K L ~n Fr. If K L FO FC 
3 2 -3 44.1 •42 . .'1 1 3 1 14.0 1 s. 1 3 3 ·11 n.'l' ·11. 0 1 4 •1 9. 5 •9.3 
3 2 3 1 5. 9• •1 3 • 1 1 3 ·2 91 • 3 •115.1 4 3 •1 18. 4 . •14.'1' 1 4 1 31!.6 34,5 
3 2 -4 26.7 ·32.6 1 3 •3 43.1 •44.8 4 3 ·2 16.5 1 8. 1 1 4 ·2 24.3 21 • 7 
3 2 -8 ?.6.4 21 . 2 1 3 3 16.6 •20.2 4 3 2 25.6 ·:!5.5 1 4 ·3 3?'.6 ·35,6 
3 2 -11 29. 1 35,6 1 3 •4 55. 1 56,8 4 3 •4 55.?' -59.2 1 4 ·4 35.2 33. 1 
4 2 -2 1 5. 2 -.1 2 • 7' 1 3 4 52.2 ·!15.2 4 3 4 26.2 27'.3 1 4 4 3?'.2 ·43.0 
4 2 2 17.8 ?'.6 1 3 ·5 46.1 •43.4 4 3 ·5 28.8 28.2 1 4 -s 3?'.2 35.5 
4 2 -s 17.7 1 7 . 3 1 3 ·6 2 3. 1 •20.5 4 3 •6 29.8 30.0 1 4 ·8 1 9. 0 1 4. 5 
4 2 -7 ?.6.8 32.0 1 3 6 i8,9 30.2 4 3 •?' 25.0 •32.7 1 4 8 1 2. 9 •15,5 
5 2 -1 33.0 32.6 1 3 7 16,9 20,5 4 3 
-a 27.?' ·2'1'.8 1 4 ·9 1 9. 1 •21 • 3 
5 2 3 1 6. 2 19 . .'1 ?. 3 0 34.3 4 0. 1 5 3 0 22.5 ·22.3 2 4 2 33.5 39.2 
5 2 -5 2?.. ~· ·14.0 ?. 3 -1 49,6 ·58.5 5 3 •3 1 5. 5 ·13.6 2 4 3 15.6 ·14.9 
5 2 -7 19.6 -6.5 ?. 3 1 26.8 •22.5 5 3 •5 30.0 ·31 . 5 2 4 ·4 2?'.3 28.2 
5 2 -8 19.2 25.3 2 3 •2 9.8 11.1 5 3 •'I' 1 8. 2 5.6 2 4 5 13.2 19. 2 
5 2 -9 ?.4.3 -2?'.9 2 3 2 42.1 •46,8 s 3 ·8 30.6 30.4 2 4 ·6 27.8 ·24.9 
5 2 -10 17.4 •13,9 ?. 3 4 1 7. 3 11 • 1 5 3 •10 21 . 2 ·9.t. 2 4 _., 27.0 •26.2 
5 2 -11 1A.6 12.3 2 3 ·5 22.8 23.6 6 3 •1 1 3. 6 .. 8.2 2 4 ·9 26.3 23.6 
6 2 -2 19. 6 •14.6 2 3 •6 53.3 S5,3 6 3 •2 B.?' 19.6 2 4 1110 1 8. 2 ·23.0 
6 2 -3 21. 4 9.'7 2 3 6 18. 1 •18. 9 6 3 •5 21.0 19.0 3 4 0 13.2 19. 8 
6 2 -4 17.0 14.0 2 3 •?' 19.2 •20.4 6 3 -6 19.6 13.0 3 4 ·1 23.2 26.9 
6 2 -5 37.7 •34.3 3 3 0 42,0 43. 1 6 3 ·9 16. 4 ·12.0 3 4 ·2 55.2 •60,?' 
6 2 -7 21. 2 23.7 3 3 •1 18.2 24. , 7 3 ·6 2 5. 5 ·2'1'.9 3 4 ·3 55.0 ·63,6 
6 2 -11 14. 7 •19. 4 3 3 2 17.3 1 3. i' ?' 3 ·10 1 2. 9 ·21 .1 3 4 -s 34.?' 35.5 
7 2 -2 . 1 ,., . 9' 8.0 ~ 3 3 20.6 -22.2 0 4 _, 8. 5 ·1 ?. • 1 3 4 ·6 26.8 •30.?' 
0 3 -1 . 31 . g, •2A.3 3 3 •4 20.5 1'1'.8 0 4 -2 9.8 •4.6 3 4 6 18.8 19.7 
0 3 -3 36.5 38.3 ~ 3 ·5 18.6 ·15.2 0 4 •3 43.5 43.4 3 4 ·7 20.1 23. 1 
0 3 -4 23.1 •27.3 3 3 ·6 16.5 •12;8 0 4 •4 16. 0 • 1, • 7 3 4 ·9 2 ?'. 1 •2?'.2 
0 3 -6 ?.O.B ·14.2 3 3 ·7 19.6 27.7 0 4 -6 23. 5 . -13.8 3 4 ·10 15.2 15.5 
1 3 0 21 . 0 ~20.3 3 3 ·8 20.5 •16. 1 0 4 •8 27.'1' 22.2 4 4 0 1 'I'. 1 ·9.7 
1 3 -1 ?.n .. o ·10.0 3 3 •1 0 16. 1 •13,6 0 4 ·9 20.3 21.7 4 4 ·3 33.2 34.6 
H K L FO FC H K L FO FC H K L PO PC H I( L FO FC 
4 4 -6 20.7 19. , 2 5 •2 21 . 4 19.6 7 5 -7 22.3 19.5 3 6 ·2 41 . 4 •48.7 
4 4 -9 1 {, . 9' 1 8. 2 2 5 ·3 38.2 ·37.7 7 5 •8 13.6 1 5. 1 3 6 •3 26.2 25.4 
5 4 0 ?.2. 3 23.6 2 5 3 43.9 •49. 5 7 5 ·9 19.8 •24.4 3 6 3 1 0. 7 13.2 
5 4 -1 ?.2. 9• 26.4 i1 5 ·4 19.6 ·17. 4 0 6 •1 6.1 4.0 3 6 ·4 46.3 46.7 
5 4 -3 21). 5 -32., 2 . 5 ·5 24.9 24.5 0 6 ··2 26.3 25.9 '3 6 ·5 17.8 •22 .1 
5 4 -4 26.7 16.9 ?. 5 •9 27.4 27.7 0 6 •3 37.5 -33.5 3 6 -a 31.9 •28;7 
5 4 -7 1 i\. 5 28.3 3 5 . •1 21 . 5 •25.4 0 6 •4 21 . 6 •1 8. 1 '3 6 .. 10 ·23.6 21 • 1 
s 4 -9 24.5 •29. 6 3 5 1 13.8 12.2 0 6 ' . ., 1 4. 5 ·13.7 3 6 ·11 ".1 2. 7 •15.2 
5 4 ·1 1 1 ?. • 7 . 4. a ~ 5 ·2 28. 1 ·29,3 0 6 ·8 2 5. 1 26;6 4 6 _, 10.4 .. 14.5 
6 4 -1 17. ~· •17.7' 3 5 -3 40.9 45,3 1 6 ' 0 11.3 ·11 . 9 4 6 •2 11 • 8 14.0 
6 4 -3 211.2 27.4 ~ 5 4 14. 5 •14.2 1 6 •1 1 7. 1 ·15.3 4 6 ·3 16:4 •18.3 
6 4 -4 ?.?. . 6 -2 2. , 3 5 ·5 23.4 18.2 1 6 1 29.4 •30.6 4 6 ·4 17'.2 •20.0 
6 4 -s 21 . 0 -:-23~3 3 5 .5 1 3. 5 •16.5 1 6 •2 ' 8. 6 •5.4 4 6 ·8 16.3 17; 4 
6 4 -6 17.2 17.8 4 5 •1 26.5 29,6 1 6 2 20. 1 17.1! 5 6 0 18; 1 19;9 
7 4 ·3 1 5 . 2 . -9.7 4 5 . 1 19.8 24.3 1 6 •4 51 .1 47.5 s 6 •2 24.5 ·•27.3 
7 4 -4 12.7 -6.'7 4 5 •2 1 6. 5 17. s 1 6 •5 22.4 •19.1 5 6 ·3 1 3. 9 6,8 
7 4 -6 1 5. 2 .:.6.3 4 5 •3 27.7 •29.5 1 6 •10 11 . 6 12.5 5 6 •4 22.5 21 • 7 
0 5 -1 51\.3 57. 1 4 5 .. 3 13.4 ·16.7 2 6 0 1 3. 5 , 1 . 0 5 6 •6 1 7. 5 19.9 
0 5 ~2 ?. 4 . 1 •· 25.8 4 5 ·5 33.7 26.2 2 6 _, ' 8. 2 , 1. '7 .5 6 -a 25;2 •24.4 
1 5 0 ?.9. ~· 29.::; 4 5 •7 31.7 •29.3 2 6 •2 28.9 28.6 5 6 ·9 19.2 20.5 , 5 -1 59. 4 •69. 1 4 5 •8 1 4. 0 •7'.7 2 6 2 24.0 ' 24. 5 s 6 •10 13.4 1 2. 5 
1 5 -2 23.2 •20. Q 5 5 ·2 1 2. 9 •4.9 2 6 •3 1 4. 3 ., 1 7. 1 6 6 ·2 26.4 26. 1 , 5 2 31 . ,. 32.9 5 5 -3 18. 4 -14.2 2 6 4 1 4. 7 ·15.1 6 6 -4 24.9 •26.9 
1 5 -3 64.6 58.9 5 5 ·4 16.4 .•7'.2 2 6 -s 23.6 23.4 6 6 -5 18.3 15.8 
1 5 3 51.1 .s6:tJ 5 5 -9 1 4. 4 •21 • 8 2 6 5 15.9 •16.o; 6 6 ·10 1 2. 7 ·8.3 
1 5 -4 21.2 1 1. a 5 5 •10 13.2 •16.5 2 6 •6 23.9 -16.2 0 7 ·1 7'.5 -4., , 5 4 1 5 . 3 •10.3 5 5 •11 1 8. 6 19.9 2 6 ·7 1 s. 3 15. Q 0 7 ·2 . 8. 5 ·7.2 
1 5 ~5 51 . 2 •53.6 6 5 -3 1 4. 5 •12.5 2 6 -a 21. 1 20.1 0 7' ·4 21.7 21..9 
1 5 7 1 ~. ~· 2 3. , 6 5 -9 17.2 . 13.7 2 6 •10 13.8 ·18.0 0 7 ·6 19.9 19.3 
2 5 -1 1 5 .. 2 •20: Q 7 5 -s 13.6 .• 5. 1 3 6 .o 16.4 20.1 1 ?' _, 11 . 4 •12.8 
H K l Fl'l FC H I( l FO FC H K l FO FC H K L FO FC 
1 7 •?. SIL 1 63.? 4 7 -3 10.5 -1 1 • 1 1 8 6 1 1. 1 13.7 ., 8 _., 9.5 -7.7 
1 7 2 11.7 -7.6 4 7 -4 24.2 23.5 2 8 0 24~6 ·31 . 4 0 9 •1 18.9 -21.8 
1 7 -3 ~0. ~ 28.6 4 7 4 12. Q -18,6 2 8 •1 1 2. 5 15.7 0 9 -a 9. 1 5.8 
1 7 3 1 ~. 3 1 5.:; 4 7 ·5 22.7 21 • 3 2 8 1 1 4. 0 •17.0 1 9 _, 1 3. 1 1 8. 8 
1 7 -4 25.3 •25.0 4 7 -a 1 5. 7 1 1 • 4 2 8 •2 7.2 •1.8 1 9 1 s.a -2. 1 
1 7 4 30.3 37.5 4 7 ·9 1 3. 2 14.3 2 8 3 10.2 12.8 1 9 ·2 a.o 7,5 
1 7 -5 14. 3 -9.2 4 7 •10 1 4. 5 •10.4 2 8 -7 21 . 2 20. 1 1 9 -3 1 0. 1 -8.8 
1 7 5 13.3 •14.6 5 7 0 9.9 8.2 2 8 •10 9.2 10.3 1 9 3 1 a. 9 •22.3 
1 7 6 !l.IS •10.0 5 7 •1 10.3 6,0 3 8 0 1 0. 3 1 4. 7 1 9 -4 1 6. 0 -14.9 
1 7 -7 17.2 13. 3 5 7 -4 1 3 .11 1 4. 7 3 8 ·1 1 4. 0 ·20.9 1 9 4 9.2 a.3 
1 7 7 !l.::! 5.0 5 7 -6 11 • 7 -13,0 3 8 1 1 2. 2 16. 1 1 9 -s 1 4. 1 12.2 
1 7 -R 14.7 -5.0 5 7 ·7 1 3 • !I 15.2 3 a ::1 7. 1 ·8.2 1 9 -6 1 2. 0 1 4. 1 
2 7 0 1 2. 1 -17.0 5 7 -8 13.0 •16,0 3 8 •3 35.6 39. 1 1 9 ·8 1 3. 2 . •6. 7 
2 7 1 1 '· . 6 21.2 6 7 -1 9.9 3,5 3 8 -s 17. 5 ·15.0 1 9 -9 8.0 2. 1 
2 7 -2 ?.1 . 6 -22.'l 6 7 -2 14. 4 -13.0 3 8 5 8.5 •4.11 2 9 0 9.6 -17.2 
2 7 ?. ·'10.1 40.5 6 7 -4 1 4. 3 ·5.1 3 8 •6 10.8 1 2. 2 2 9 1 a.6 -5.7 
2 7 -4 14.8 -13.3 7 7 -7 13.2 14.8 3 8 .. 7 13.0 -1 5. 5 2 9 •2 1 1 • 5 15.0 
2 7 -5 1 4" 1 16.? 7 7 -a 12. 4 ·15. 5 3 8 •A 1 3. 1 10.4 2 9 2 6.9 10.6 
2 7 -6 12. 6 ·14.5 0 A -1 38.3 32.2 4 8 •3 1~.2 -1 1 . 6 2 9 ·3 7. 1 3. 1 
2 7 6 11.2 10.i' 0 A •2 17.3 15,6 4 8 •4 1 1 . 'I' 4.6 2 9 3 1 1 . 3 18,5 
2 7 -7 ?.0.7 -20.2 0 A -3 33.6 •30,9 4 8 -a 12.2 ·1 5. 1 2 9 ·4 12.6 8,6 
2 7 -9 1 5. 0 9.9 0 8 •4 1 8. 5 15.2 5 8 -1 15.6 -~8.'1' 2 9 -5 9. 1 3.0 
3 7 0 17.4 •22." 1 A 0 12.7 1 5. 0 5 8 •4 11. 'I' -9.A 2 9 -6 18.3 •16.'1' 
3 7 -2 11 . ? 11.6 1 11 -1 19. 6 •20.8 5 8 •h 1 1 ~ 6 •9.4 2 9 -a 15.3 16.7 
3 7 2 1!.3 -1 3. 0 1 8 1 1 0. 3 -12,3 5 a ·7 13.7 ·15.2 2 9 -9 1 1 . 5 _,. 9 
3 7 3 7.6 4.6 1 11 ·2 14.2 -15.5 5 8 ·9 1 8. 1 1 6. !I 3 9 -3 14.1 •13.6 
3 7 -6 1 5. 6 -1 4. 5 1 11 2 11.3 -8.6 6 8 •2 9.9 •3.9 ] 9 ·5 20.7 •22.9 
3 7 -7 16.3 9 • :; 1 A •3 2 2. 1 19.7 6 8 -3 12.6 •14.8 3 9 •6 13.7 1 0. 2 
4 7 -2 9.8 -7.3 1 8 ·4 2A.8 ·23,9 6 8 ·5 9.6 11.2 4 9 _, 8.3 ·12.0 
4 7 ?. IL 5 1 5. 2 1 A -5 18.2 •17,0 7 8 •5 8.2 3.11 4 9 , 8.6 •8,7 
-
..0 
-t-
H K L PO FC H K L FO FC H K L PO F C · H K L FO FC 
4 9 -4 14" 0 13.? 3 10 •1 9.5 •15,7 4 11 •6 7.0 -~.4 6 12 •4 5.0 3,8 
4 9 -6 20.3 -21 • a 3 10 ·2 14.8 19,0 4 11 ·7 16. 0 1 5 . 0 0 13 •1 2.8 3.0 
4 9 -8 9.4 13. ?. 3 10 ·9 8.7 4.8 4 11 ·8 ? . 1 ·6.4 0 13 ·2 4.9 •4.3 
4 9 -10 9. 0 3.0 3 10 •10 8.3 ·5.2 5 11 •1 7'.8 •8.3 0 13 ·3 8.5 7.2 
5 9 0 ll . 1 8. 5 4 10 2 7.3 3,0 5 11 •4 7.3 ·4. 1 1 13 ·2 4.0 ·4.2 
5 9 -2 ll.? -8. 1 5 10 0 6.4 .. a.7 5 11 ·5 9.7 8. 1 1 1 3 ·3 6.3 ·7.0 
5 9 -3 1 0 " 4 11 . 3 5 10 ·6 11.7 •9.7 5 11 ·7 6.'7 ·9. § 1 13 ·4 6.9 6,6 
6 9 -4 9.~ 9.9 5 10 ·8 9. 1 5,6 6 1 1 ·3 11.0 6.2 1 13 ·6 5.7 -7.4 
6 9 -6 11.4 ·12.?. 6 10 -2 6.4 .. 7.0 6 1 1 -5 5.8 ·9. 5 2 13 •4 3.5 ·4.4 
0 10 -1 ?.4,8 24.9 6 10 ·8 '7.3 4.5 0 12 ·1 8. 1 •8.4 2 13 -s 5.0 ·3.3 
0 10 -2 1 ~. 5 -13.8 0 1 1 ·1 4.4 5.2 0 12 ·2 11 . 8 ·10.1! 2 13 ·6 6.4 8,6 
0 1 0 -4 1 0" 6 4.? 0 11 ·6 9.7 ·11 • 4 0 12 ·3 5.9 4. 1 2 13 _., 4.4 3.3 
0 1 0 -7 11.4 9. 1 0 11 •7 9.0 6,1 0 12 •4 6. 1 •2.5 2 13 ·8 6.3 ·5.5 
0 1 0 -8 13.7 -11 . 6 1 1 1 ·2 1 0. 1 -10.2 0 12 ·5 9.5 7.9 3 13 ·1 2.9 4.4 
1 1 0 0 5. 4 -6.0 1 11 2 5.8 .. 6,8 1 12 0 3.9 .. 6.2 3 13 ·6 5.5 ·5.6 
1 1 0 -1 5.6 -8.5 1 11 -3 1 0. 3 .. 7.3 1 12 -1 3. 5 5.7 4 13 ·4 8.2 -8.7 
1 1 0 1 1 7. ,. 23.4 1 11 •5 1 3. 9 1 1 • 8 1 12 •2 9.0 9.~ 4 13 ·5 4.8 •3,4 
1 1 0 -3 8. 8 9.0 1 11 5 5.1 9,4 1 12 2 4.0 3.2 4 13 ·6 9.3 9·. 8 
1 10 -4 1 5. 4 •13.6 1 11 -7 9,9 -9,6 1 12 ·4 6.3 3.~ 4 13 ·8 4.8 -3.7 
1 1 0 4 7. 91 7.9 2 11 -1 6.8 1 4. 1 2 12 0 6.0 14.5 0 14 •1 5. 5 -6.2 
1 10 -9 ?.3 -3.9 2 1 1 •4 7.3 10,2 2 12 •3 9.8 ·8.11 1 14 •3 3.4 ·3.0 
2 10 0 ~.4 4.1 ?. 1 1 ·5 12.8 -11.9 2 12 ·5 5.7 4.2 2 14 1 1.9 4.6 
2 1 0 1 1 0" 4 -19.6 2 11 5 3.9 .. 4 .1 3 12 0 3.2 ·9 .1 2 14 ·4 4. 1 4.2 
2 1 0 2 1 1 . 6 -1'7.1 2 11 ·7 14.4 1 3. 7 3 12 1 ~.6 .. 7. 1 2 14 ·6 3.5 ·2.6 
2 1 0 3 5.4 7.5 3 11 0 5.5 7.7 3 12 •2 3.8 4.9 3 14 ·3 2.8 ·4.7 
2 1 0 -4 7. 1 -9.6 3 11 ·5 8.5 8,8 3 12 •3 4. 5 •4.4 3 14 ·4 3.2 -3.1 
2 1 0 4 5. 0 3.1 3 11 -8 8,7 •2,9, 3 12 •4 6.3 •4.2 3 14 ·6 3.8 ·2.6 
2 1 0 -5 1 5. 4 -11 . 0 4 11 -1 5.3 4.2 4 12 0 4.6 2. 4 4 14 ·2 3.8 ·3.4 
2 1 0 -6 1 5. 5 12.5 4 11 •3 6.3 6,6 4 12 ·8 7.5 3. 5 4 14 ·5 4. , •3.7 
3 1 0 0 R. 1 •13.!i 4 11 -5 1 7 • ., •17,8 5 12 •2 5. 4 5 . 1 4 14 _., 3.2 1.3 
Table 5. Bond lengths 
Bond distance 
S(1) - P 2.10 ~ 
S{2) - P 2.08 
S(3) - P 1.94 
S(1) - C(1) 1. 77 
S(2) - C(2) 1,. 75 
P - C(3) 1. 81 
C(1) - C(2) 1.47 
., 
Table .6. Bond angles 
. Angle 
• 100° S(1)- P- S(2) 
S(1)- P- S(3) 113 
.; 
s(l) - P - c(3) 109 
S(2) - P - S(3) 115 
S(2) - P - C(3) 1o6 
S(3) - P - C(3) 113 
P- S(1)- C(1) 99 
P - S(2) - C(2) 97 
S(1)- C(1)- C(2) 112 
S(2)- C(2) - C(1) 118. 
., 
' 
. ·, 
FIG-URE 2. A view of the molecule 
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S:sGTION IX 
A PRELHITNARY CRYSTAL STRUCTURE 'INV".BTIGATION OF 
2,5-DIT!ITO 1-DINrHYLA!iiTNO 1-THIOPHOSPHD..'1US(V)CYCLOPENrANE 
'• 
Optical examination of crystals· 
·crystal density 
X-ray photography 
, 
Space group 
Cell size and contents 
Crystal data 
1'1'1 
'2.D<> 
::too 
!too 
'2.01 
!l.ol 
2.01 
1. Optical examination of crystals. 
A sample of the componnd was ld.ndly provided by Mr. S. C. Peake 
.(Loughborough University). Recryst~llisation from 40/60 petroleum ether 
gave colourless needles of melting point 35°C. vVhen single crystals were 
viewed perpendicular to the needle axis under the polarising microscope 
straight extinction was observed, which indicated that the crystal system 
was either· orthorhombic, or monoclinic as seen down a non-unique axis. 
2. Crystal density. 
The crystal. density was determined 'by the method of flotation 
using aqueous solutions of potassium bromide. .\ Westphal balance was 
used to measure the density of the flotation liquid in which the crystals 
neither sank nor floated, and a valueD = 1.32 g.cm73 was obtained. 
m 
3- x:...ray photogranhy. 
Single crystals were mounted with shellac on glass. fibres. 
180° oscillation photograf>h rotating 'about the needle axis showed 
A 
symmetry in all four quadrants, but· no symmetry Yfas obser.ved on zero and 
first layer Weissenberg photographs. The crystal was therefore 
monoclinic with the unique axis (b) as the axis. of rotation. 
A second single crystal was. mounted roughly perpendicular to 
the needle axis. Symmetry was observed along the direction of each 
layer line on a 180° oscillation photograph, but not between +n and -n 
layer lines. A zero layer Weissenberg photograph showed symmetry about 
each axial row, but symmetry was present only about one of the .rows on 
a first layer i"leissenb.erg photograph and the other row vras curved. 
These observations confirmed the crystal system as monoclinic, with the 
second crystal mounted about a non-unique axis. 
;.l..0( 
lj.. Space group. 
The Weissenberg photographs showed that the crystal gave the 
following space group extinctions: 
hOe.., observed only when L= 2n 
OkO observed only when k = 2.n 
oot.. (observed only when L= 2n). 
These absences determine the space group uniquely as P21/c (C~h' No.14) 
(International Tables, 1965). 
5. Cell size and contents. 
The lattice parameters were carefully measured from high order 
reflexions on the oscillation and zero layer Weissenberg photographs. 
The measured crystal density of 1.32 g.cm73 corresponds to four molecules 
-3 per ·unit cellJ for which the calculated density is D = 1.320 g. cm. It 
c 
follows from the spa?e group requirements of P21/c (International Tables, 
1965) that molecules occupy general positions, and there is no molecular 
symmetry •. 
6. erystal data. 
s3PNC 6u14 , I~ = 227. 4. 
Monoclinic, a = 11.43 11., b = 7.35 i, c = 13.70 11., all :!: 0.02 11.; 
~ = 104°24' :!: 30'·. 
3 . -3 U =·1113.9 11., Z = 4, D = 1.32 g.cm., D = 
m c 
F000 = 480, ~ = 65.6 cm71 
CuKa, J.. = 1.542 X. 
-3 1.320 g.cm. 
:.L-0\ 
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SECTION X 
GENERAL DISCUS SI ON 
1 • Diphosphine disulphides 
2.· Dithia phosphacyclopentanes 
3. Phosphorus - phosphorus and phosphorus - sulphur bon4s 
4. ·The van der Waals radius of sulphur 
5. Hydrogen bonds 
' 
1, Diphosphine disulphides. 
Infrared and Raman studies on tetramethyl diphosphine disulphide 
indicated the centrosymmetric structure (i), and it has been accepted that 
s 
R-...._f /R 
P-P ·l 
R/ ~-...._R 
.s 
(i) 
all diphosphine disulphides have a similar structure, However, n,m.r. 
measurements on tetramethYl diphosphine disulphide (Harris and Hayter, 
1964) gave a P-P coupling constant JP-P of 18.7 Hz. This is a very 
low value compared with 108.2 Hz. in diphosphine (Lynden-Bell, 1961) and 
480 Hz• in the diphosphite anion (Gallis, Van Waser, Shoolery and 
And~rson, 195?), both of which are knovrn to contain a P - P bond. 
Various structures (ii) (iii) and (iv) containing bridging sulphur atoms 
R"-. /s-...._ /R 
./p"'. /p"-. 
R S R 
(ii) 
g. 
R"t /R 
P-S-P 
R/ -...._R 
(iii) 
R-...._. /R 
P-S-S-P 
R/ "-.R 
(iv) 
rather than a direct P - P linkage were therefore suggested, Furthermore' 
. the arsenic analogue (cH3\As 2s2 was found to have the bridged sulphur 
structure (iii) (Camerman and Trotter, 1964). 
Strong support for the diphosphine disulphide structure (i) is 
provided by vibrational and Raman spectroscopic data on tetramethyl 
diphosphine disulphide and other diphosphine disulphides (Baudler and 
Schmidt, 1957; Goubeau, Reinhardt and Bianchi, 1957; Christen, 
van der Linde and Hooge, 1959; Halmarill, 196o; Stega and Stopperka, 1961; 
·Grant and Burg, 1962; Zingaro, 1963; Cowley and Steinfink, 1965; 
Cowley and White, 1966), The crystal structures of 1 ,2-dimethyl 
1 ,2-diphenyl diphosphine disulphide (VIheatley, 1960); tetraethyl 
. 2o"1 
d:iphosphine disulphide (Dutta and Woolfson, 1961); tetramethyl 
• 
diphosphine disulphide (Pedone and. Sirigu, 1967; . Lee and Goodacre, 1971, 
see Section V); bis(cyclotetramethylene) diphos~hine disulphide (Lee 
and Goodacre, 1969, see Section III); and bis(cyclopentamethylene) 
diphosphine disulphide (Lee and Goodacre, 1970, see Section IV) have all 
been determined by X-ray techniques and all confirm the centrosymmetric 
P-P bonded structure (i). The molecules ·all adopt a non-eclipsed 
ethane like structure. 
Sufficient structural data are now available to allow useful 
comparisons to be made, and the observed P - P, P ~ S and P - C bond 
lengths are shown in Table 1 • It is surprising that the bond lengths 
are so remarkably constant in vievt of the differing electron releasing 
nature of the substituents R (1fe;!hz best, Et4- and heterocyclic compound.s 
about equal, !.!e4 worst), the steric effects of their differing sizes, 
the possibility of conjugation 17ith an aromatic ring and the inclusion of 
phosphorus in five- and six-membered heterocyclic rings. . The P - P 
disiances compare favourably with the Pauling (1960) single bond distance 
of 2.20 ~. The P _, S distances are shortened. by back-bonding from a 
f.ull sulphur p orbital to an empty phosphorus. d. orbital, and are close to 
the Pauling double bond distance of 1.91~ lL If however the correction 
for the difference in electronegativity (Schomaker and Stevenson, 1941) 
is applied, this distance becomes 1. 92 ~. The Pauling value for P - C 
bonds is 1.87 ~' but with the Schomaker-Stevenson correction this becomes 
1 • 84 ~. in reasonable agreement l'ti th the compounds listed. It seems 
probable that all siniple diphosphine disulphides will have a structure 
and bond lengths similar to those listed. There is no obvious 
explanation for the very small P - P coupling constant reported in the 
literature for tetramethyl diphosphine 9isulphide. 
T!JlLE 1. Bond lengths in dinhosnhine disulnhides 
Compound p-p P-"'8 p-c 
bond length bond length bond length 
J.!e Ph P2 82 Me Ph 2. 21 i 1.98 R 1.82 R (P - !.le) 1.88 (P - Ph) 
(CH2\ P2 82 (CH2\_ 2. 21 1.95 ·1.82 1.82 
(CH2)5 p2 82 (CH2)5 ·,~ 2.21 1.95 1. 81 
1. 81 
Et2 P2 82 Et2 2.22 1.94 1.84 1.82 
11e2 P 2 82 Me2 2.245 1 -951 1.80 2.161 1 .970 1.82 
1.965 1.82 
2, Dithia phosuhacyclopentanes. 
The determination of the .structures of 2·,5-a.ithio 1-chloro 
1-thiophosphorus(V)cyclopentane (see Section VI); 2,5-dithio 1-phenyl 
1-thiophosphorus(V)cyclopentane (see Section VII); ·and 2,5-dithio 
1-methyl 1-thiophosphorus(V)cyclopentane (see Section VIII) has confirmed 
the structure (v) which was proposed for these new hetorocyclic phosphorus 
compounds on the basis of chemical analysis, n.m.r. data and the method of 
synthesis (Peake, Fild and Schmutzler, 1970). The five-membered 
hete~ocyclic ring is puckered, and because of strain the angles round the 
ring are distorted from their usual tetrahedral value. The angles 
around phosphorus ar~· affected more than the others because of the 
closeness and large siz.e of the double-bonded sulphur atom. This causes 
the angles S <:- P -. S, S <:- P - S and S ~ P - R to be greater than 
tetrahedral, so the other. three angles around phosphorus are observed 
less than tetrahedral'.. 
The bond lengths observed in the three structures are summarised 
in Table 2, The values.for 2,5-dithio 1-methyl 1-thiophosphorus(V)cyclo-
pentane are not as accurate as the others because refinement of this 
structure is not .complete at the present time, As for the diphosphine 
disulphides the P ~ S distances are shortened by back-bonding from a 
full sulphur p orbital to an empty phosphorus d orbital. The sum of 
' Pauling' s double bond radii for this bond is 1 .94 ~. vrhich when corrected 
for ·the difference in electronegativity (Schomaker and Stevenson, 1941) 
becomes 1.91(6) R. All the observed P ~ S distances sumcrarised in 
Tables 1 and 2 are close to.the Pauling.value, except for the value of 
1.910 ~ (~ 0.005 R) in 2,5-dithio 1-chloro 1-thiophosphorus(V)cyclopentane 
TABL~ 2; Bond lengths in dithia nhosuhacyclonentanes 
P-R P-43 p- s S - G G - G 
R = Gl 2.059 l!. 1. 910 .R 2.051 l!. 1.81 _j!_ 1.47(5) .R 
2.051 1.83 
R =phenyl 1.80 1.936 2.087 1. 75 1.46 
R = GH3 1.81 1.94 2,10 1. 77 1.47 2.08 1. 75 
.. 
. ,
which is appreciably ~,: .. c·ter than the others and only about one standard 
deviation from the elcctronegativity corrected vaiue. • The high 
electronegativity of chlorine makes the rather diffuse d orbitals on 
the phosphorus atom becomG more localised. This allov1s more effective 
1t overlap with the full sulphur p orbital, and accpunts for the rather 
shorter P ~ S bond. Tl1is effect has been observed in a number of 
fluorine compounds. 
The presence of a mirror plane of'symmetry bisecting the 
heterocyclic ring in thG molecule of 2,5-dithio 1-phenyl 1-thiophosphorus 
(V)cyclopentane (see Section VII ) confirms the observation of two 
different types of methylene protons in the proton n.m.r. spectrum 
(Peaks, Fild and Schmutzler, 1970). Each methylene group contains both 
type·s of hydrogen atom, rather than the hydrogen atoms of one methylene 
group being equivale~t but different from the hydrogen atoms on the other 
methylene group. Similar results were indicated by the n.m.r. spectra 
of the chlorine and methyl analogues (Peake, Fild and Schmutzler, 1970), 
but·in these cases the X-ray analysis did not reveal any obvious 
differences betl7een the methylene hydrogen atoms. 
3. Phosnhorus - phosnhorus and uhosnhorus - sulnhur bonds. 
The P - P bond lengths observed in the diphosphine disulphides 
are compared in Table 3 with other values reported in the literature. 
Some P -? S and P - S bond lengths are listed in Table 4. 
4• The van der Waals radius of sulphur. 
Pauling (1960) gives a value of 1.85 X for the van der Waals 
radius of sulphur, but it has been suggested that a smaller value of 
1. 72 - 1. 73 .R would be more appropriate (Fava Gasparri, Nardelli and 
Villa, 1967; Nardelli, Fava Gasparri, Giraldi Battistina and Domiano, 
1966; 
V 
Zdanov and Zvonkova, 1950; van der Helm, Lessor and Merritt, 196o; 
Lee and Bryant, 1969 (a) and (b)). The structures studied in this work 
were all found to contain a number of fairly close non-bonded contacts 
TABLE 3. Some P - P bond lengths 
Molecule 
(average) 
Bond length ( ~) Reference 
2.22 ± o.oo6 . Dutta & Woolfson 1961 
' ) 
2.21 Wheatley 1960 
2;21 ± o.oo4 This work 
2.21 ± O.Oo4 This ·work 
2.245 ± o. oo6 This work 
2.161 ±O.Oo4 
· 2.212 ± o.o6 
2.235 ± 0.005 
~:~~} ± 0.025 
2.35 ± 0.01 
2.25 
Leung & Waser 1956 
Leung, Waser, van 
Houten, Vos, Weigers & 
Wiebenga 1957 
van Houten & Wiebenga 
1957 
Vos & Wiebenga 
1955 & 1956 
Keulen & Vos·1959 
2.23 & 2.191 0 o4 
2.12 & 2.25 ± . Wright & Penfold 1959 
1.893 
2.21 ± 0.02 
Douglas & Rao 1958 
Maxwell, Hendricks & 
Mosley 1935 
(average) 2.20 
. 2.213 ± 0.005 
2.223 
black phosphorus 2.18 
.. 
.. 
l. 
Weiss 
Palenik & Donohue 
1962 
Spencer & Lipscomb 
1961 & 1962 
Hultgren, Gingrich 
& Warren 1935 
TABLE 4, Some P - S and P~ S bond lengths 
Molecule P~S 
bond length (i) . 
. p- s 
bond length (i) 
Rei'erence 
s 
Et"'. t /Et 
• 1.94 :!: 0.005 Dutta and P-P Et/~ "'.Et · Woolf'son 1961 
s 
s 
Ph"" t /Me 
1.98 Wheatley 1960 P-P 
. Me/; ""Ph 
·--- .. --. 
s 1' . Cy-PCJ 1.95 :!: 0.002 This work 
s 
i:.;t 
CP-PQ . + This work 1.95 -0.004 
. ~ 
s 
s 
Me"'. t/Me 1 ·951· :!: 0.003 + . This work P-P 1.970 - 0.004 
M/.j. ""M 1.965:!: 0,004 
e S e 
S SJ '-./ . + . 2.051 + . p"" . 1.910 -.0.005 + 0.004 This work 
Cl/ S 2.~051 - 0.005 
' I 
s,.l/s] 
1.936:!: 0.002 .. 2.087 :!:. 0.002 . . P' . This work d" . ,. • I -· ,·,·..:- s 
: 
s,P/s] .• . 1.94. 2.10 This work / ......... 2,08 M"e S 
P406S4 1.85 :!: 0.02 Stosick 
1939 
PSF3 1.87 :!: 0.03 Williams, Sheridan and · 
t Goray 1952: 
1.86 Hawkins, 
Cohen .and 
Koski 1952 
+ 1.85 - 0.02 Stevenson ana 
Russell 1939 
P8Cl3 1.85 :!: 0.02 Williams, 
. Sheridan ana 
Goray 1952 
P8Br3 (; 1 .89 :!: 0.06 
PSBr2F 1.87 :!: 0.05 Sacrist ana Brockway 1944 
PSBrF2 1.87 :!: 0.05 
P2s6Br2 . 1.88:!: (0.03) 2.10 :!: 0.014 Einstein, Penf'ola ana 
Tap sell 1965 · 
p4810 1.955:!: 0.015 2.085 ±o.o1 Vos ana 
Wiebenga. 1955 
1.908:!: 0.015 . _2.097 :!: 0.015 Vos, Olthof, 
i van Bolhuis ana · 
i Botterweg 1965 · · 
P4S7 I + 
+ ' Vos ana 1 .95 - 0.02 .2.08 - 0,01 
Wiebenga 1955. 
1.918 ± o.oo7 + 2.097 - 0.007 Vos,. Olthof, · · 
van Bolhuis ana 
Botterweg 1965 
P486.5 ~.89:!:0.015 
+ ... 
Dixon, 2.09 - 0.015 
Einstein ana 
Penf'ola 1965 
P4S5. + van Houten and 1.94 ":' 0.025 range 
2o08 - 2.19 Wiebenga. 1957 
:!: 0,025 
1.94 :!: 0.011. range Vos, Olthof, 
2.08 - 2.17 van Bolhuis and 
·+ Botterweg 1965 - 0.011 . 
Plt-SJ 2.15 Hassal ancl Pettersen 194-1 
+ 2.17- 0.02 Akishin, 
Rambicli and 
Ezhov 1960 
2.10 .van Houten, 
Vos ancl 
Weigers 1955 
2.08 Leung, Waser 
ancl Roberts 
• 
1955 
+ 2.09 - 0.01 ·Leung, Waser, 
van Houten, 
Vos, Weigers 
ancl Wiebenga 
P4-~3I2 avera~e· Wright and 2;09 -0.04- Pen:f'old 1959 
involving sulphur atoms, In general, these contacts are significantly 
short if Pauling' s value of 1.85 ll. is used for th.e van der Vlaals radius 
of sulphur, but if the smaller value is accepted the contacts are 
normal. This provides further evidence for the value of 1,72- 1,73 ll. 
for the van der Waals radius of sulphur. 
5. Hydrogen bonds. 
Of the structures studied in this work, only 2,5-dithio 1-chloro 
1-thiophosphorus(V)cyclopentane was found to contain hydrogen bonds (see 
' 
Section VI), and these involved chlorine atoms rather than sulphur atoms. 
Some of the other structures have S ••• H distances which are appreciably 
shorter than the sum of the van der Waals radii for sulphur and hydrogen 
even if the smaller value of 1.72- 1.73 i for sulphur is accepted, but 
the possibility of hydrogen bonding is precluded. by a large deviation 
of the angles S ••• H ~ C around hydrogen from 180°. 
For hydrogen_bonding to occur, the hydrogen atom and the other 
atom should approach as closely as possible. In this way the electro-
static energy of interaction between the atoms is greatest. The atomic 
radius of hydrogen (0.3 ll.) is extremely small (Pauling, 1960), arid 
hydrogen has no inner shell electrons which would .cause large repulsive 
. forces if the trro atoms approached very closely. Hydrogen bonds are 
therbfore essentially electrostatic in nature and this implies that the 
larger the electronegativity difference between hydrogen and the other 
atom, the stronger the hydrogen bond formed will be, The Pauling ( 1 9€0) 
electronegativity values for hydrogen and the most highly electronegative 
elements are shown in Table 5. Also, the size of the other atom should 
be small for a strong hydrogen bond to occur, and the corresponding 
·single bond covalent radii (Pauling, 1960) are compared in Table 6, It 
follows that fluorine forms the strongest hydrogen bonds, followed by 
oxygen, nitrogen, chlorine and sulphur. 
. -
Because of their much larger 
size, chlorine· and sulphur would be expected to form relatively weak bonds 
TABLE 5, Some electronegativity values * 
H 
2•1 
N 0 ·F 
3.0 3.5 4.0 
p s Cl 
2.1 2.5 3.0 
.. 
TABLE 6. Some single bond covalent atomic radii (~) * 
H 
0.3 
N 0 F 
0.74 o. 74 o. 72 
p s Cl 
1.10 1.04 0.99 
* Pauling (1960) 
compared with their neighbours in the first short period, and hydrogen· 
bonds involving sulphur and chlorine are uncommon. The presence of 
hYdrogen bonds to chlorine in 2,5-dithio 1-chloro 1-thiophosphorus(V) 
cyclopentane and the absence of hydrogen bonds to sulphur in this and 
the other compounds studied tends to confirm that chlorine forms 
hydrogen bonds more readily than sulphur. 
.. 
. . 
··.' 
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APPENDIX I 
A COIJPlYrim PROG-RAJ.! FOR SCtU.U:G DITENSITY MEASUR'Si.!ENTS 
FROM MUL'l'IPLE FILM X-P.AY PHOTOGR!JP!lS 
1 • Introduction 
2. Mathematical method 
3. Program listing and operating instructions 
1 , Introduction. 
When single crystal X-ray intensity data are collected photo-
graphically, it is necessary to make several exposures of different 
lengths in order to cover the very large range of relative intensities· 
generally observed. The multiple-film technique of De Lange, Robertson 
and Woodward. ( 1939) is usually employed, in which up to three films are 
placed one behind the other during the exposure. The intensities of the 
X-ray beams falling on the films farthest away from the crystal are 
attenuated by· the film (or films) in front of them, so the effective 
exposure time for these films is reduced. In this way up to three 
different exposures can be given in the time required for the longest 
exposure. Usually more than three films are required to cover the whole 
range of' measurable intensities, so a second exposure is given using up to 
three· films again. 
Vrhen the intensities of the diffraction spots on a set of films 
have been measured, the values from each film must be placed on the same 
relative scale. This is usually ~he scale of the strongest film. 
Vrhilst the transmission of X-rays by photographic film is fairly constant 
for any particular brand and batch of' film, variations in the transmission 
.factor (i.e. the intensity of'.the X-rays transmitted through the film 
relative to the intensity of the incident beam) may be apparent between 
films because of differing development conditions, Therefore the . 
intensities cannot be scaled by means of' the transmission factor quoted 
by the manufacturer unless simultaneous development of' the films has 
been carried out under very closely-controlled conditions, and it is more 
usual to estimate the transmission factor (or "film factor") of' each film 
.using the intensity measurements themselves. 
A computer program has been· written in FORTRAN IV to perform 
the scaling process automatically· on a 32K ICL 1905 computer. The 
intensity measurements from ti70 to six f'ilins are introduced on cards 
(one card per reflexion), Intensities which were either too strong or 
too weak to measure on any particular film are set equal to zero, and 
the program automatically ignores these values. The program calculates 
the complete set of scaled relative intensities, and lists them on the 
line printer together with the transmission factors used· and any 
information regarding measurements automatically rejected as being outside 
the acceptable limits of accuracy specified by the user, The results 
may also be punched on cards in the format suitable for the datareduction 
programs of Shiono (IBM library program Ho.1620/8.04.002), the LUX system 
(Lee, SaVIbridge and Melsom) or the X-ray 63 system. Any number of sets 
of films may be processed during one run, but the maximum number of 
reflexions in any one set is limited to 400. This may be increased if 
required simply by changing the sizes of the appropriate storage arrays 
specified in the DILillNSION statements of the program, The .mathematical 
method of the scaling process is described below, and a listing of the 
.computer program and the operating instructions are given at the end 
of .this Appendix. 
2; Mathematical method, 
If i 1 and i 2 are the intensities of the same reflexion measured 
on the more intense (first) film and less intense (second) film 
resp~ctively, then for N reflexions measurable on both films, the 
transmission of X-rays by the first film is given by: 
( 1). 
F1 is the factor by which the measured intensities of film 2 must be 
multiplied to place them on to the sa~e scale as the intensities of 
film 1. In general for the nth film: 
E(iji 1) 
F 
N n+ 
(2). 
" N n 
In this way variations in the development conditions between the films 
are taken into account, and the scaling process may also be applied to 
two films exposed separately. Allowance must be made in the calculation 
of F for erroneous estimates of the ratio (i /i 1), which may be caused n n+ 
by one of the intensities being either too strong or too weak to measure 
accurately. This is achieved automatically by the computer program, 
which first calculates the "overall average film factor" as the mean of 
all the individual ratios (i /i 1), and then compares each ratio with n ~ . 
this mean. Any individual values found to differ from the overall mean 
by more than a specified percentage are rejected, and the mean is 
reassessed as the"optimum average film factor" from the remaining values. 
A rejection limit of 17.5li has been found to be suitable in many cases. 
Quite often the intensities of very strong reflexions can be 
estimated only from the least intense (last) film, which may contain very 
few other measurable reflexions. As a result, a better estimate of the 
film factor for the penultimate film may be obtained in some cases as the 
mean of the other film factors. The computer program contains the 
provision for calculating the last film factor in this way if desired. 
Allowance is made to exclude any specified film factor from the calculation 
of the mean if the films have been obtained from two separate exposures. 
·• For each reflexion there are one or more intensity measurements 
i, and these intensities are scaled together to a common scale usually 
corresponding to that of the strongest film. 
value for the nth fil~, then 
In = in.sn 
where S is the corresponding scale factor. 
n 
Thus, if I is the scaled 
n 
(3) 
For the first film s1 is 
usually 1 (although this may be any chosen value), othe~•ise 
S 1 = S .F n+ n n (4). 
For each reflexion one or more estimates In of the scaled relative 
intensity are obtained. If there is only one measurement this has to be 
taken as correct (I = I ) , but where two or more measurements were 
n 
possible, a better estimate of I can be made by averaging the scnled 
vnlues. Agnin, nllownnce must be made for erroneous mensuremcnts, and 
the computer program achieves this in the follovring way. The overall 
mean of the severnl scaled intensities is first calculated and then the 
scaled intensities are compared with this mean. Any individual value 
found to differ from the overall mean by more than a specified percentage 
is rejected, and I is recalculated as the mean of the remnining values. 
If more than one value lies outside the specified range, no estimate of 
I is made: the line printer output indicates that the reflexion has been 
rejected, and the user should make his own decision in this ca·se. A 
rejection limit of 15.o~f has been found to be suitable in most cases. 
3. Program listing and onerating instructions. 
A listing of the computer program is given on the following 
pages. This listing also incorporates the operating instructions in the· 
form of CO:.IL!EI'iT statements • 
.. 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
L1 ST 
SEND TO (EDoiCLA•DEFAULT.AXXX) 
PROGRM! CH06'7) 
INPUT 1 :o CRi' 
OUTPUT 2 = LP'i' 
OUTPUT 3 :o CP'i' 
COMPRESS INTEGERS 
TRACE 0 
END 
MASTER SCALING 
INTENSITY SCALING PROGRAM ***400 REFLEXIONS P!R LAYER*** 
WRITTEN RV G. W. GDODACRE• UNIVERSITY OF TECHNOLOGY, LOUGHBOROUGH• LFICS. 
PRESF.NT VERSION DATED 24 FEBRUARY 1969 
CARD OUTPUT IS IN CORRECT FORMAT FOR SH!ONO• X•RAY 63• OR AHMED 
DATAREDUCTION PROGRAMS 
NUMBER OF RE~LEXIONS IN ANY LAYER NOT TO EXCEED 400 
****•********************************************************************* 
FIRST DATA CARD: COLS. 1• 2 XX NUMBER OF LAYERS TO BE PROCESSED 
oUTpUT CARD: 
CONTROL CARD: 
<PRECEDING EACH 
'7•80 TITLE CIF ANY) 
COL. 1 X 
COLS. 5• 6 XX 
'7- 8 06 
9•10 XX 
COL. 15 X 
COLS. 1• 3 
S• '7 XXX 
OUTPUT: (0/1/2/3)•(PRINT!R ONLY 
/PRINTER AND.SHIONO CARDS 
/PRINTER AND X•RAY 63 CARDS 
/PRINTER AND AHMED CARDS> 
STRUCTURE NO,] REQUIRED ONLY 
LIST NO, ] FOR AHMI!D 
SERIAL NO. l DATAREDUCTION 
INTENSITY CHECKING] REQUIRED ONLY 
CODE PUNCHED IN ] FOR X.RAY 63 
COL.15 OF OUTpUT] DATARIDUCT!ON 
CARDS (SEE ] • USUALLY 1 
X•RAY 63 MANUAL)] 
LAYER LABEL (E.G. HK3) 
NUMBER OF REPLEXIONS 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
INTENSITY D4TA CARDS! 
COL. 10 X 
COLS.15•18 XX.X 
20•23 xx.x 
COL. 25 X 
30 X 
COLS.35•40 XX.XXX 
COLS. 1• 3 XXX 
7• 9 XXX 
13•15 XXX 
?.8•30 XXX 
38•40 XXX 
ETC; UP TO 
78•80 XXX 
NUMBER OF FILMS (TWO TO SIXl 
~ RANGE FOR FILM FACTORS 
~ RANGE FOR INTENSITIES 
COMPUTE LAST FILM FACTORI C0/1>• 
CIN NORMAL WAV/AS MEAN OF OTHER 
FILM FACTORS [SEE COL,30ll 
[IF 1 IN COL.25] •.• CALCULATION 0~ 
LAST FILM FACTOR EXCLUD!S! 
C0/1/ ••• /4l•CNO FILM PACTORS 
/FP11 ... /FF4l 
LAYER SCALE FACTOR TO BE APPLIED 
TO EACH INTENsiTY 
H 
K 
L 
I 1 
I2 
I6 
************+*****************~******************************************* 
**************************PRELIMINARIES•********************************** 
DII1ENsiONMILHC400) ,M!LKC400) ,MILLC400) ,INT(6,400) ,FFC6,400) ,IDC6), 
1 I TITLE C 1 9 l , SF ( 6) , S D C 6) • S UfH 5) , C 0 UN T < 5) , NUMBER ( 5 l , OV F F ( 5) , 0 PT F F C !I) , 
2MCHECKC2) 
CALL ITIMF.CI'1'1) 
LAVER=1 
RE AD < 1 , 3) LA V F. R S , Cl TITLE ( N) , N a1 , 19) , K PR I N T , A H MED, I X 6 3 
3 FORMAT(I2.4X.18A4,A2/11,3X,A6,4XA1) . 
5 RE AD ( 1 , 1 ) I. AB F. L, I RE F L N ,I F I L ~~, RANGE 1 , RANGE 2 , K FI L M, K F I LMX, SF ( 1 l 
1 F0Rf·IATCA3.1XI3.2XI1,4XF4.1 •1XF4.1 ,1XI1.4XI1 ,4XF6,3l 
NPAGE=O 
c 
c 
c 
c 
IF(IREFLN.LE 400) GO TO 8 
NPAGE:NPAClF.+1 
w R IT r: ( 2 • 4 01 ) lABEL I ( I Tl T LE ( N) • N •1 I 19) IN PAGE 
401 FORMATI7H1LAVER IA3,15XI18A4.A2115X5HPAGE 1!2) 
I~RITE(2,9) 
9 FORMAT(//////79H NUMRER oF RF.FLEXtONS EXCEEDS 400. SCALtNG OF TH 
11S LAYER CANNOT BE ATTEMPTED.) 
DO 10 !COIJNT=1.IREFLN 
10 READI117)J 
7 F0Rf1AT<A3l 
GO TO '102 
8 IF(RANGE1.LE.Q.) RANGE1=17.5 
!FCRANGF.2.LE.O.l RANGE2=15,0 
!F(SFC1l .lF..O.) SF(1l"1 .0 
KFILM=IFILM·KFILM 
~F I LM1 •KF! l11-1 
KFI LM2•KFI LM•2 
NLINE=60 
I TERM=O 
M=1 
2 SUM(M)~O. 
COUNT(M)"O. 
NUMBF.R (~l) =0 
M=f1+1 
!FCM-KFILM1)2,2,6 
6 CALL MAXDIM(MILHIMILKIMILL•INTIFFIIFILMoKFtLMI!ReFLN) 
**************PHASE 1. CALcULATION OF FILM FACTORS********************** 
DO 117 !COLJNT=1,JREFLN 
READC1,103lJ.K,LICID(M)IM=1,!FILM) 
103 FORMATC3CA313Xl12X1617XI3)) 
C *******************READ INPUT INTO ARRAY STORES******************* 
11 I LH (I COUNT) =J 
MILKc!COIJNT>=K 
MILL<ICOIJNTl=L 
DO 121 11=1. H ILM 
121 !NT(M,!COlJNTl:IDCM) 
c ****************************************************************** 
M=1 
104 !FIM•KF!LM)105,117•117 
105 !FIINT(f1+1,!COUNT)l115,106,107 
106 FFIM,ICOUNT>=O. 
!FIKFILM.E0.2l GO TO 117 
FFIM+1,!COUNT)•0. 
~1=1~+2 
GO TO 104 
107 I Fl INT01·!COIJNT) )1 15,108,111 
108 FFIM,ICOIJNT>=O. 
666 !FIM·KF!LM2)109,1Q9,117 
109 1FIINTIM+2·l~OUNT)l115,122,110 
122 FFI1~+1 ,!COUNT>=O. 
M=M+1 
r,O TO 666 
110 t1=M+1 
111 FFIM,ICOllNT):(FLOATIINT(M,ICOUNTl))/INTIM+1,1COUNTl 
SUMCMl•SUMIMl+FFIM•ICOUNT) 
COUNTIMl=COUNTIM)+1. 
IJO TO 666 
115 t1=1 
123 FFIM,JCOllNT):O, 
M=M+1 
IF IM·K F! U11) 123.123 ,11? 
117 CONTINUF. 
M=1 
124 OVFFCMl:SUM(M)/COUNTIM) 
M=M+1 
!FIM·KF!LM1l124,124,125 
125 00 300 ICOUNT,1,!REFLN 
M=1 
126 IFCFF<M,ICOUNT).EQ,O.) GO TO 301 
OELTA=FF(M,ICOUNT)•OVFP(M) 
TEST:CDELTA*100.)/0VFF(M) 
ATEST=ARS(TEST) 
IF(ATEST·RANr.F.1l301,301,302 
302 NllNE=NL1NF.+1 
!F(NLINF..LE.~O) GO TO 400 
NPAGE=NpAGE+1 
Nl!NE=11 
WRITE<2.401llABEL,(ITITLE(N),N•1•19),NPAGE 
WRITEC2,102lRANGE1 
102 F0RMAT(////1H ,34X45HFILM FACTORS OUTSIDE SPECIFIED RANGE (+ OR • 
1.F4.1o2HY.)///1H ,34X1HH,4X1HK,4X1HL,2X5HFF NO,JX2HFF,6X4HOVFF•SX5H 
20ELTA.3X6HDELTAY./) 
400 WR!TF.(2,114lM!LH<ICOUNTl·M1LK(!COUNT),M!LL(ICOUNT),M,FF(M,ICOUNTl• 
10VFFCMI.DELTA,TEST 
114 FORMAT(1H ·32XA3o2(2XA3)o3XI2•2(3XF6.3),2XF?,3,2XF6.1) 
SUM(Ml=SUM(Ml•FFCM,ICOUNT) 
COUNTCMl=COUNT(M)•1. 
NUMBER<MI:NUMAER(Ml+1 
301 M=M+1 
IF<M·KF!LM1l126,126,300 
300 CONTINUE 
NPAGE=NPAGE+1 
WRITe<2,401)LABEL•<!TITLE(N),N•1,19),NPAGE 
WRITE(2,303) 
303 FORMAT(//////////1H ,46X78HOVERALL AVERAGE FILM FACTORS/) 
M=1 
304 TCOUNT=IFIXICOUNT(M)l 
!TOTAL=ICOUNT+NUMBERCM) 
WRITE<2,305)M,OVFF(Ml,1TOTAL 
305 FORMATC1H .4~X4HOVFF,I?.,?.H =,F6.3,10H <MEAN 0F,I4,1Hl) 
M=M+1 
!F<M-KFILM1)304,304,12? 
127 WRlTE(2.~06) 
306 FORMATI//////1H ,46X28HOPTIMUM AVERAGE FILM FACTORS/) 
M=1 
307 !OK:IFIXCCOUNTCMll 
!TOTAL= I OK+ NIJMB ER ( J1) 
IF<COUNTIMl.NE.O.) GO TO 800 
!TERM=1 
OPTFF CM) =0. 
GO TO 1101 
1100 OPTFFCMl:SU~CM)/COUNT(M) 
1101 WRITEI2.119lM,OPTFFCM),!OK,NUMBERCMl,ITOTAL 
119 FORMAr11H ,34x2HFF,I2,?.H =,F6.3 1 10H (MEAN OF,I4,2H .,13,10H REJEC 
1TS =·l4,7H TOTAL)) 
JFICOUNT(Ml.NE.O.) GO TO 803 
WRlTEC2,A06) 
1106 ~ORMATI1H+,31X2H••) 
1103 McM+1 
!FIM-K~!LM1)307,307,121! 
128 IFIKF!Lt1.E~.!FILM) GO TO 312 
S!GFF=O. 
siG=O. 
t1=, 
129 !FIM•KF!LMX)314,313,314 
314 S!GFFcSIR~F+OPTFF(M) 
s!G=S!G+1. 
313 M=M+1 
JFIM·KF!LM1l129,129,130 
130 OPTFFIKF!LMl=SIGFF/SIG 
WRITEI2.315)KF!LM•0PTFF(KFILM),KFILMX 
315 FORMATI1H o34X2HFFol2o~H =•F6.3,42H (MEAN OF OTHER FILM FACTORS E 
1XCLUOING FFol2.1H)) 
312 IFIITERM.EQ.O) GO TO 805 
WRITE<2,R04l 
1104 FORMAT(/1/?SH ** A DATA ERROR IS INDICATED. SCALING OF THIS LAVE 
1R HAS REEN TERMINATED.) 
c 
c 
c 
c 
r,o TO 802 
805 WRITEC2,3081sFI1l 
308 FORHAT(//////1H ,26X60HINTEN~ITY SCALE FACTORS (INCORPORATING LAVE 
1R SCALE FACTOR OF,F7.3.1H)/) 
DO 309 M=1 I I FILM 
IFIM.EQ.1) GO TO 310 
Sf(M)=SF(M•1I•OPTFFIM•1) 
310 WRITE(~.311)M,SFCM) 
311 FQRMATC1H ,53X~HsF,!2,2H =,F9.3) 
309 CONTINIJF. 
JREFLN:oO 
KREFLN•O 
I.REFLN:O 
NLI NF.=60 
00 220 ICOlJNT"1 ,IREFLN 
NLINE=NL!NF.+1 
IFINLINF..LE.60) GO TO 40~ 
NPAGE=NPAGF.+1 
NLINE=11 
SCALING OF INTENSITIES************************* 
WRITF.<2·401 II.ABEL• (ITITLF.(N),N•1 •19),NPAGE 
WRITF.C2,201lRANGE2 
201 FORMATC/1H .10X7SHSCALED INTeNSITIES. INDIVIDUAL MEASUREMENTS RE 
1JECTF.D IF OUTSIDE RANGE +OR -,f4,1•19H~ FROM OVERALL MEAN///1H ,1 
22X1HH,4x1HK,4X1HL,10x1HI,16X7HOVERALL,7X47H•••••SCALED INTENSITIES 
3 (* OENOTES RF.JECTl•••••I/1H ,29X9HIOPTIMUMI,13X4HMEAN•12X2H!1,6X2 
4HI2,6X?.Hl3.6X2HI4,6X~HI5,6X2HI6//) 
402 SUMD=O. 
rsUt1=1 
M I Nf1=1 
MAXM= IF I U1 
ICHECK:O 
MCHECK<1):0 
f1CHECKC2l=O 
DO 222 11"1.1 ~ILM 
?.22 sD<Ml=ll. 
00 21l6 f1::;1,IFIL11 
!F(INT<t1•!COUNT))21?,202,205 
?.02 GO TO C203,204,2Q4,2o4,2o4,2Q4),!SUM 
?.03 M!Nt1=f1+1 
GO TO 20IS 
204 MAXH=M-1 
GO TO 207 
?.05 SD<M>=tNT(fl,JCOUNTl•~FCM) 
sUMD=SUt10+SD I M) 
I SUf~= I SUM+1 
206 CONTINUE 
?.0? GO TO <218,3?.0.209,209,209,209,209),ISUM 
320 FSDBAR:SIIMO 
SDBAR=SUt1D 
NC0UNT:1 
GO TO 213 
209 FC0UNT:!SIJM•1. 
SDBAR=SUMDIFCOUNT 
DO 212 M=MINM,MAXM 
TEST=CABSCSDIH)•SDBAR)•100.)/SDBAR 
IF(TEST•RANGF.2l212,212,210 
210 !CHECK:!CHECK+1 
MCHECK<ICHF.CK)"M 
GO TO 1211.215l.ICHECK 
211 SUMD=SUMO·SDIMl 
~COUNT=~COUNT•1. 
212 CONTINUE 
FSDBAR=SIJMD/~COUNT 
NCOUNT=IF!XC~COUNT) 
213 MCOUNT=NCOUNT+ICHECK 
WRITEC2.?.14)MILH(ICOUNT),MILK(ICOUNT>•MILL<ICOUNT)oFSDBAR•NCOUNT,S 
c 
c 
c 
1 DBAR ,11C0liNT, CSD <M> ,Ma1, I Fl Ll'l) 
214 FQR~1ATC1H ,10X,3CA3,2X),3XF7,1,2H C,r1,1Hl,9XP7.1,2H (,!1,1Hl,4x,6 
554 
555 
556 
557 
558 
559 
1<F7.1.1Xll 
JREFLN.,JREFLN+1 
!FCKpRINT.F.Q.Ol Go TO ?00 
GO TO <554.556,558l,KPRINT 
*******************CARD OUTPUT IN SH!ONO FORMAT******************* 
!SDBAR=IFI)((FSDBAR•100,) 
WRITE(],555lM!LH(ICOUNT),MILK(IC0UNTl•MILL(!COUNT),ISDBAR 
FORHAT(3(7XA3l,2XIi',1HO) 
GO TO i'OO 
******************CARD OUTPUT IN X•RAV 63 FORMAT****************** 
WRITE(],557l!X63oMILHCIC0UNTloMILK(IC0UNTl,MILL(!COUNTloFSDBAR 
FORHAT<14XA1·3(1XA3) .F10.2) 
GO TO 700 
*********•*********CARD OUTPUT IN AHMED FORMAT•******************* WRITF(3•559)AHMED•H!LH(ICOUNT),MILK(ICOUNT)•MILL(ICOUNT),FSDBAR 
FORMAT(A6,3(1XA3),41XF8,2l 
GO TO 700 
c ********~********************************************************* 
215 HC0UNT:!FlX(FCOUNT)+1 
WRlTF<2,216)MILH<ICOUNT),MILK(ICOUNTl•MILL(IC0UNT),SDBAR,MCOUNT,CS 
1 ~ (f-1) , M =1 , I F I I. M l 
216 FORMAT(1H •10X•3(A3,2Xl•18H••***REJECTED•****•5XF7.1o2H (•11r1H)o4 
1X,6(F7.1 ,1X)) 
Y.REFLN:~KRFFUI+1 
GO TO 700 
217 \JRITF.C2,322lfHLHCICOIJNT),MILK(ICOUNT),MILL(ICOUNT) 
322 FORMAT<1H •10Xo3CA3o2X>•44H*****NEGATIVE INTENSITY! REFLEXION ION 
10REO.l 
LREFLN:t.RF.FLN+1 
GO TO 220 
218 WRITF<2·219lMILH(ICOUNTl,MILK(ICOUNTloMILL(!COUNT) 
~19 FORHAT(1H •10X.3(A3o2Xlo46~*****ALL INTENSITIES ZEROr REFLEXION I 
1 GNORF.D.) 
tREFLN:LRr:FUl+1 
GO TO 220 
700 IFIICHEr.K.F.Q 0) GO TO 220 
DO 610 I CHECK:1, 2 
!F(MCHECK<ICHECK))?01,220,701 
701 M=MCHECKIICHF.CKl 
GO TO 1601 ,602,603,604,605r606) ;M 
601 WRITF.C?.,611) 
611 FORMATC1H+,70X1H*) 
GO TO 610 
602 wRITEC2,612) 
612 FORMAT(1H+,7RX1H*) 
GO TO 610 
603 WRITEC2,613) 
613 FORHATC1H+.86X1H*) 
1;0 TO 610 
604 WRITEc2.614) 
614 FORMATI1H+,9~X1H•> 
GO TO 610 
605 \~RIH <?. .61 5) 
615 FORMAT(1H+,102X1H•l 
GO TO 610 
606 WRIH<2.616) 
616 FORMATC1H+,110X1H•l 
610 CONTINUF. 
220 r.ONTINUF. 
IFINLINF. LF..49) GO TO 403 
NPAGF.="JPAGF.+1 
NLINF.=O 
WRlTE<2·401li.ABELr(ITITLF.(N),N•1•19),NPAGE 
403 WRlTF.C2.221lJREFLN,KREFLN 
221 F0RMAT(//////5X31H NliMBER OF REFLEX!ONS PROCESSED•9X2H• •I3/5X35H 
1NUMBF.R OF REJF.CTS (NO CARD OUTPUT)o5X2Ha •13) 
IFILREFLN.F.~.O) GO TO 224 
WRlTF.<2.223lLREFLN 
223 F0RMATC5X4~H NUMRER OF NEGATIVE OR ZERO INTENSITIEs • ,13) 
224 WRITE(2,225)LABELolREFLN 
225 F0RMATC1HOo5X26HTOTAL REFLEX!ONS IN LAVER oA3•10X2H= ol3l 
NLINE=NLINE+11 
B02 tAYER=LAVER+1 
!FILAYER.lE.lAVERS) GO TO 5 
IFCKPRINT.EQ.Q) GO TO 810 
WRITEC3, 4> 
4 F0Rf4ATC!Il 
B10 CALL ITIMF(IT~) 
JT2=Ir2-Ir1 
JFIIT2l901,902,902 
901 JT2=1T2+1l6400 
902 IFCNLINE-53)504,504,502 
502 NPAG"=NPAGF.+1 
WRITEC2,503lNPAGE 
503 FORMAT(1H1,113XSHPAGE ,I2) 
504 WRITEC2,903lTT2 
903 FORMAI(////5X?.3H TOTAL EXECUTION TIME ••l5o8H SEC0NOSI/SX22H ALL S 
1CALING COMPLF.TE.//) 
STOP 
END 
SUBROUTINE MAXDIM(MILH•MILK•MILL•INToFF•IFILM•KFILMo!REFLN) 
oiMENStON fl!I.HCIREFLN),M!LKCIREFLN),MILLCIREFLN),!NTCIFILM,IREFLN) 
1,FFIKFILM.!RFFLN) 
RETURN 
END . 
FINISH 

1. 
2. 
3· 
APPENDIX: II 
STATISTICAL METHODS FOR THE DETECTION OF 
A· CENTRE OF SYMMEI'RY 
Introduction 
Theory and general applications 
Practical methods 
4. A computer program to perform the N(z) test and to 
calculate the Wilson ratio 
5. Program operating instructions and program listing 
• 
1. Introduction 
The $pace group of a crystal can often be determined uniquely 
from systematically absent reflexions, but it is not always possible 
to do so since some symmetry elements (centres of symmetry, mirror planes 
and rotation axes) do not give rise to systematic absences. When ambiguity 
arises in the space group symmetry there is frequently a choice between a 
centrosymmetric and a non-centrosymmetric space group. The pyre-electric 
test (Wooster, 1949) may be used to detect the absence of a centre of 
symmetry but this test is not always conclusive (see Section III). Several 
methods have been devised to distinguish between centrosymmetric and non-
centrosymmetric crystals on the basis of the distribution statistics of 
their X-ray intensities. Intensities, in this sense, are the measured 
values which have been corrected as necessary for effects arising from 
the conditions of data collection (Lorentz and polarisation factors, 
absorption and extinction corrections). Thus these values are the squares 
of the observed structure amplitudes. The theory of the detection of a 
centre of symmetry by statistical methods is discussed in this Appendix, 
together with the various practical tests available. A computer program 
to perform two of these tests is also described. 
2. Theory and general applications 
In principle, ail the statistical methods available for the detection 
of a centre of symmetry are similar. They depend on the observation that 
the X-ray diffraction patterns of centrosymmetric crystals generally 
display a much larger variation in relative intensities, and a lower 
value of the mean intensity, than do the diffraction patterns of non-
centrosymmetric crystals, so these effects can be used as an aid in determin-
ing the space group. Wilson (1949) expressed these observations 
mathematically by considering the theoretical intensity distributions 
for reflexions having the same reflection angle e. He showed that, if a 
quantity P(I) is defined such that P(I)di is the proportion of intensities 
I which have values lying between I and I + di, then for a non-centrosymmetric 
crystal: 
P(I) = N 2 exp( -I/~ f.) 
j=1 J 
N 
:Li 
j=1 J 
( 1 ) • 
The 
N 2 
quantity I:. f . 
j=1 J 
is the sum of the squares of the scattering factors of 
all the N atoms in the unit cell, the "scattering power", at the value of 
e being considered. For a centrosyrnmetric crystal: 
P(F) 2 N 2 = exp(- IFI /2Lf.) 
j=1 J (2) 
where P(F) in this case represents the distribution of structure amplitudes 
rather than intensities. The theory is valid for all space groups, but it 
assumes that the unit cell contains a fairly large number of randomly 
distributed atoms of similar atomic weight. Equations (1) and (2) apply 
to zones and rows of reflexions, as well as to three-dimensional data. 
Strictly, for the theory to apply, the intensity distribution 
should be calculated only for reflexions having the same value of e because, 
iri general, intensities diminish as 8 increases. This is because the values 
of atomic scattering factors depend on e and on the degree of thermal 
vibration (see Section II). In practice, fairly small ranges of e 
(or sin8/A) are used, as a compromise between using infinitely small ranges 
of sine/:\, and the necessity to include sufficient reflexions in each 
range for statistics to apply. When the. intensity distribution of each 
range has been calculated, then it is legitimate to average the results. 
It is sometimes helpful to use successively overlapped ranges of sin9/:\, 
particularly if the number of available reflexions is small. This situation 
can arise if a statistical analysis is applied to two-dimensional data. 
Reflexions having small values of sin9/:\ should be omitted from 
the calculations because the restrictions of the theory are more severe 
if low-order reflexions are included in the statistical analysis (Wilson, 
1949). Wilson suggested that the point above which reflexions may be 
included is approximately sin9/}. = 1/a, where a in an "average" unit cell 
dimension. To be on the safe side, a is usually given the value of the 
shortest cell dimension (Howells, Phillips and Rogers, 1950). 
It is necessary to include accidentally unobserved reflexions in 
statistical tests for a centre of symmetry. Ideally, all independent planes 
in the reflecting sphere should be used, except those absent due to space 
group extinction. The complete set of intensity data is not usually 
available in practice because of physical limitations in data collection, 
so in this case only those reflexions actually measured should be included. 
Accidentally unobserved reflexions are usually given an intensity value of 
approximately half the minimum observed intensity. 
The weight at which a reflexion should be included in a statistical 
analysis does not necessarily depend solely on its multiplicity in the 
reciprocal sphere, because some space groups give rise to different intensity 
averages depending on the type of reflexions used to calculate them (Lipson 
and Cochran, 1966). Since the space group is not known at the stage where 
the statistical analysis is applied, it is better to calculate only for 
groups of reflexions of the same multiplicity, in which" case the absolute 
value of the weight is immaterial. Thus hkl, Okl, hOl, hkO, hOO, OkO and 
001 reflexions should be treated separately. 
As noted previously, equations (1) and (2) apply to zones and 
rows of reflexions, as well as to the whole reciprocal sphere. In 
practice, there are usually insufficient reflexions in an axial row to 
obtain any statistically reliable results, but satisfactory results have 
been obtained from two-dimensional data. It is surprising that a statistical 
analysis is applicable to the relatively few reflexions in a two-dimensional 
zone, and that the effect of atoms overlapping in projection does not 
·completely invalidate the results. 
Two-dimensional intensity distributions often provide useful evidence 
supplementary to the results of a three-dimensional analysis (Rogers, 1950; 
Wilson, 1950). Some non-centrosymmetric space groups appear to have a 
centre of symmetry in one or more of their axial projections. This effect 
is observed, for example, in a projection perpendicular to a twofold axis. 
Thus it may be possible to distinguish between the non-centrosymmetric 
space groups P2 and Pm, because P2 appears to be centrosymmetric in the hOl 
projection, whereas Pm is non-centrosymmetric in all three projections 
(International Tables, 1965). 
3. Practical methods 
Several practical tests for a centre of symmetry have been devised, 
all of which depend on the same basic theory discussed previously. 
Wilson (1949) showed that the ratio of the square of the mean 
structure amplitude to the mean intensity (the Wilson ratio) has the 
theoretical values 2/n = 0.637 and n/4 = 0.785 for centrosymmetric and 
non-centrosymmetric crystals respectively. This is sometimes referred 
to as the Average test. 
In the Variance test (Wilson, 1951) a quantity·v is calculated as: 
(3) 
where (I )is the mean intensity. Theoretical values of V are 2 for 
centrosymmetric and 1 for non-centrosymmetric crystals. 
There are several other tests similar to the Average and Variance 
tests, and these are not considered here because they.all involve comparison 
of an experimental value with two theoretical values. The main disadvantage 
of all these tests is that the decision whether or not a centre of symmetry 
is present must be based on a single item of evidence. However, these 
tests have been applied successfully to many structures which deviate 
from the theoretical assumptions of a unit cell containing a large number 
of randomly distributed atoms of similar atomic weight. 
The Zero Moment test, or N(z) test (Howells, Phillips and Rogers, 
1950; Lipson and Woolfson, 1952; Sim, 1958) is a method of calculating 
the complete intensity distribution. Howells, Phillips and Rogers (1950) 
showed that the fractions N(z) of reflexions having intensity values less 
than or equal to a fraction z of the local average intensity (within a 
small range of sin6/A) are given by the function: 
N(z) = 
1 
erf(z/2)2 
for a centrosymmetric crystal, and by: 
(4) 
N(z) = 1 - exp(-z) (5) 
for a non-centrosymmetric crystal. The term 'erf' is the error function, 
values of which have been tabulated by Jahnke and Emde (1933). The.two 
functions represented by equations (4) and (5) are usually plotted between 
z = 0 and z = 1, since the largest differences between them are in this 
range (for example,. see Section Ill Figure 1 ) • 
The N(z) test is superior to the other tests for a centre of 
symmetry, because it involves the comparison of curves rather than 
single values. Theoretically it is subject to the same restrictions of 
unit cell contents and atomic arrangement as the other tests, but the 
N(z) test has succeeded in many non-ideal cases where the Average or 
Variance tests have failed. 
4. A computer program to perform the N(z) test and to calculate the 
Wilson ratio 
A computer program to perform the N(z) test and to calculate the 
Wilson ratio has been written in Fortran IV for a 32 K ICL 1905 computer. 
Unit cell and intensity data may be introduced either from cards, or 
from a magnetic tape produced by the data reduction program of the NRC 
system of computer programs (F. R. Ahmed, S. R. Hall, M. E. Pippy and 
C. P. Huber, National Research Council, Ottawa), as adapted for the 
Loughborough University X-ray (LUX) system by J, D. Lee, B. G. A. Melsom 
and J. E. Sawbridge. The observed structure amplitudes may be on any 
scale, but photographic data from different layers must be on the same 
relative scale. 
For each reflexion, values read in are the Miller indices h, k and 1, 
and I Fo 1. The observed structure amplitudes are converted to I Fo 12 
and these values are subsequently used as intensities for the purpos~s of 
the statistical test. Values of sin9/A are calculated from the unit cell 
dimensions and the Miller indices, and any reflexions for which sin9/A 
does not lie within the ranges specified by the user are ignored. Intensity 
values are automatically stored in groups based on the Miller indices. Thus 
hkl, Okl, hOl and hkO reflexions are treated separately, and axial row 
reflexions are ignored, for the reasons discussed previously. The values 
of the sums L I Fo I 2,! IFo I and the number of reflexions, n, are 
accumulated for each type of reflexion and for each range of sin8/A. 
Starting with the hkl reflexions, if present, the values of the 
average intensities <(I Foj~ and the average structure amplitudes <:IFol:> 
are calculated for each range of sin8/A as: 
<I Fo 1 '= 2l!ol 2 
<IFol'> ='r.l!ol 
(6); 
(7). 
The Wilson ratio< I Fo I) 2/(l Fo 12) is also calculated for each range. 
The numbers of reflexions in each range having intensities less than or 
equal to a fraction z of the local average are accumulated, for values of 
z between 0.1 and 1.0 in intervals of 0.1. Then the value of N(z) is 
calculated as a percentage for each value of z in each range, as the 
number of reflexions accumulated divided by the total number of reflexions 
in the range. The weighted mean of the N(z) values for each value of z, 
and the weighted mean of the Wilson ratio, are computed from the values 
in the individual ranges of sin8/A. It is better to take the weighted 
mean rather than the arithmetic mean, because greater importance is 
then placed on ranges containing a larger number of reflexions, which have 
a greater statistical reliability. 
The whole procedure is repeated three more times, on reflexions 
of the type Okl, hOl and hkO, if these are present. The lineprinter 
output gives the complete intensity statistics and the mean values of 
N(z) and the Wilson ratio for each type of reflexion, together with the 
theoretical values of these functions for centrosymmetric and non-
centrosymmetric space groups. 
The computer program at present is limited to a maximum of 3000 
general reflexions, 4oo Okl reflexions, 400 hOl reflexions and 4oo hkO 
reflexions: However, the capacity can be increased simply by changing 
the dimensions of the appropriate storage arrays, as computer size allows. 
5. Program operating instructions and program listing 
The data cards required as input to the computer program are as 
follows: 
( 1 ) TITIE CARD Format ( 1 2A6) 
Cols. 1-72 Title to be printed at the top of the results 
(2) CONTROL CARD 
(any legal punching) 
Format (3I2) 
Cols. 1-2 XX NRANGE = no. of sin9/A ranges (up to 12) 
24-1 
4 X IN = 0 for input of data from magnetic 
6 X 
tape. 
= 1 for input from cards. 
ILIST = 0 to suppress listing of 
reflexion data. 
= 1 to list h, k, 1, reflexion 
status, I Fol2 and sin9/A for 
each reflexion. 
(3A) TAPE IDENTIFICATION CARD Format (6X,I2,1X,I6) 
(Only required if a magnetic tape is used for input) 
Cols. 1-5 TAPES 
7-8 o4 TAPIN input device no. 
10-15 XX0201 IDC = six digit magnetic tape 
identification code using 
the LUX convention, where 
XX is the structure no. 
(3B) CELL CARD Format (10X,3F10.3,3F10.2) 
• 
(Only required if all input is from cards) 
Cols. 1- 4 CELL 
15-20 XX.XXX AA~a (Angstroms) 
25-30 11 BB~b 
35-40 11 cc~c 
45-50 xxx.xx ALPHA ~ a (Degrees) 
55-60 11 BETA ~ 13 
65-70 11 GAMl'!JA ~ r 
(4) SINe/A. RANGES CARD Format ( 13F6. 3) 
(NRANGE + 1) values of sine/A. must be entered on this 
card. If NRANGE is less than 12, leave the later columns 
"blank. 
Cols. 2- 6 x.xxx T( 1 ) Start of 1st range 
8-12 11 T(2) End of 1st range/start of 
2nd range 
14-18 11 T(3) End of 2nd range/start of 
3rd range 
and so on, cols. 20-24, 26-30, 32-36, 38-42, 44-48, 
50-54, 56-60, 62-66, 68-72, 
74-78 X.XXX T(13) End of 12th range. 
(5) REFLEXION DATA CARDS Format (7X,3(I3,1X),I1,7X,F8.2) 
(Only required if all input is from cards) 
Cols. 8-10 + XX 
11 
11 
IH ~ h 
IK ~ k 
IL ~ 1 
'2A-'2.. 
12-14 
16-18 
20 X N~BS ~ Reflexion status (0 ~ observed, 
· 1 ~unobserved) (optional) 
28-35 xxxxx.xx 
The last reflexion card must have h = k = 
the read routine. 
99 to terminate 
A listing of the computer program is given on the following 
pages. 
2..4-3 
c 
c 
c 
c 
c 
c 
. c 
c 
c 
c 
c 
c 
c 
LIST 
SEND TO <ED.ICLA•DEFAULT.AXXX) 
PR0GRAMCHX?'2) 
OUTPUT ,,(MONITOR) a LP?' 
INPUT 2 = CR?' 
INPUT 4 = MT1C!NPUT LISTS) 
COMPRESS INTF.GER AND LOGICAL 
TRACE 0 
· END 
MASTF.R STATISTICAL TEST 
N(Z) TEST FOR CENTRE OF SYMMETRY 
ACCEPTS EITHER LUX DATAREDUCTION CELL AND REFLF.XION CARDS 
OR LUX SYSTEM MAGNETIC TAPE FOR INPUT 
ARRAVS SET FOR 400 HK0.400 HOL,400 OKL AND 3000 HKL REFLF.XIONS 
NOT MDRF. THAN 12 GROUPS OF StNITHETA>ILAMDA 
NON 0BSF.RVEti SPOTS MUST RE INCLUDED 
SPACF. GROUP ABSENCES SHOULD NOT BE INCLUDED 
AXIAL ROW REFLEXIONS ARE EXcLUDED FROM THE CALcULATIONS 
HQL,HKO AND OKL REFLEXIONS ARE INcLUDED ONLY IN THESE ZONeS 
THE REMAINDER ARE CONSIDERED AS GENERAL HKL REFLEXIONS 
DIMENSION TITLE<12),!(4,12),SUM(4,12>•AV(12>•I~UM(12•10) 
DIMENSION ZC<10>,zNCC10),T(13),W~UMC4,12),WRI12>,JJ(4),ITYPE(4) 
DIMENSION HKLI300Q),IRANGE(3000) 
DIMENSION DKLC400),JRANGF.(400),H0L(400),KRANGEC400l 
DIMENSION HKOC400),LRANGE(400) 
DIMENSION AMPL(6) 
INTEGER TAP!N,SERL·ORDIND•PARITY 
REAL NZ<12) 
COMMON IACOUNT/ HKL,!RANGE.OKL,JRANGE,HOL,KRANGE•HKO,LRANGE• 
1J1.J2.J3.J4 
COMMON /BFINDSR/ T,NRANGF 
DATA ZNC/9.5,18.1,25.9,33.0,39.3,45.1,50.3,55,1,59,3,63,2/ 
10 
20 
30 
40 
so 
60 
?'0 
110 
90 
100 
11 0 
120 
130 
140 
150 
1t.O 
1?'0 
180 
190 
200 
210 
220 
230 
240 
250 
260 
2?'0 
280 
290 
300 
310 
320 
330 
340 
350 
DATA zC/?.4.8,34.5,41.6,47.3,52.1,56.1,59,7,62,9,65,7,68,3/ 
DATA !TVPF.(1)/4HHK~ /riTVPeC2)/4H0KL /rtTVPE(3)/4HH0L lrtTYPE(4)/4 
1HHKO I 
c * * * * * * * * • • * * * * * • * * * * • • • * • • • * • * • • • CALL !TtME(JT1l 
J1110 
J2=0 
J3=0 
J4=0 
NUMBER•O 
LINE= 54 
P!=3.141 59265/180, 
c * * * • • * * * • * * • * * • * * • * * • * * • • • • • * * * • • C READ TITLE CARD 
c * * * • * * * * • * * * * • * • * • * • • • • • * * • * * • • * • 
READC2r1000)TJTLE 
1000 FORMATC12A6) 
WRITEC1.1020>TITLE 
1020 FORHAT(1H r1?A6r16X.32HNCZ) TEST FOR CENTRE OP SYMMETRY) 
c * • * • • * * * • * * * * * * • * * * • • • * • * * • • • • • • • C READ NO. OF RANGESr INPUT MODEr LIST OR NO LIST OF REP~EXION DATA 
c 
1006 
1 
1007 
c 
c 
c 
c 
1 0 01 
• * * * • • * • * • * • * • • • • • • • • • • * • * • * • * • * • 
READC2·1006)NRANGEr!NrtLIST 
FORHAT(3!2l 
!F(JN)1,2.1 
WRITEc1 .1007) 
FORMAT(////35H INPUT OF REFLF.XION DATA FROM CARDS) 
* * * * * * * * • * * • * • • READ CELL CONSTANTS FROM CARD • • * * • * * • * • • • • • * * * * 
CACCEPTS HX02 CELL CARD) 
* * * * * • * • • * • • * * • • • • * * • • • • • * • • • • • • * 
READ<2·1001lAArBRrCC.ALPHArBETArGAMMA 
FORMATC10X.3F10.3r3F10.2) 
GO TO 30 
2 WRITEC1.1008l 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
41!0 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
1008 
c 
FORMAT(////34H INPUT OF REFL~XION DATA FROM TAPE) 
* * * * * * * * * * * • * • • • • * * * • • * • * * • • * • • • * 
c 
c 
1004 
1028 
1029 
1030 
1 031 
31 
1032 
CHECK TAPE IDENTIFICATION 
* • * * * * * • • • • • • • • • * • • • • • • • • * • • • • • * • 
READ(2,1004) TAPIN.IDC 
F0RMATC6X.I2.1X, 16) 
GO TO 10?.9 
PAUSE LP 
REWIND TAPIN 
READ(TAPIN) IDT 
WRITF(1.10~0) lOT 
FORMAT(39HOIOENTIFICATION OF INPUT TAPE IS ,I6) 
WRITE(1.1031) !DC 
FORMAT(39H CARD IDENTIFICATION OF INPUT TAPE IS ,!6) 
IFIIDC·IDTl31,32,31 
WRITE(1,1032) 
F0RMAT(43H0~RONG TAPE MOUNTEn• TRY AGAIN AND CONTINUE) 
REWIND TAPIN 
GO TO 1028 
c * * • • • • * * • * * • • • • • • • • • • • • • • • • • • • • • • 
C READ INPUT TAPE 
c • • * • • • • • • • • • • • * * • • * * * * • • • • • • • • • • • 
32 READITAPINliOBA,LSTA,S~RLA•NLISTA 
33 READ(TAPINlLST,SERL,NRCRDrNWORD 
GO TO C34.35,3S,35r3S,40>•LST 
c * * • * * • * • • * • • • * • * • • * • • • • • • • • • • • • • • 
C READ UNIT CELL INFORMATION <LIST 1) FROM TAPE 
c * • * • • • * • • • • * * • • • • • • • • • • • • • • • * • • • • 
34 READCTAPIN)AA,BB,CC,ALPHAR,BETAR,GAMMAR 
ALPHA=ALPHAR/PI 
BETA=BETAR/PI 
GAt~MA=GAf~MAR/ PI 
D099J:1,3 
99 READITAP!Nl 
GO TO 30 
?10 
?20 
?30 
?40 
?50 
?60 
??0 
780 
?9 0 
800 
810. 
820 
830 
840 
850 
860 
8?0 
880 
890 
900 
910 
920 
930 
940 
950 
960 
9?0 
980 
990 
1000 
1010 
1020 
1030 
1040 
1 050 
c * * * * * * * * • * * • * * * * • • • • • • * • • • * • * * • • * C TO SKIP A LIST 
c • • * * • • * * * * • * * • • • • * * * * * • • • • • • • • * * • 
35 DO 36 J:1 ,NRCRD 
36 READ(TAPIN) 
GO TO 33 
c * • • • * • * * * * * * * * * * • * * • * * • • • • * * * • • * • C READ RF.FLF.XION DATA <LIST 6) FROM TAPE 
c * • • * • * * * * * • * * • • * • * * • • • • • • * * * * * • * * 
40 READCT4PIN)F~OO•NPLNS,I1·I2•I3•NAMPL 
WRITE(1.1033) NPLNS 
1033 FORMAT(////20H TApE CLAIMS TO HAvE,I5,11H AEFLEXIONS) 
GO TO 41 
42 !FCNUMRF.R.F.Q NPLNS) GO TO 100 
41 READCTAP!Nl lH,IK,tL,NOBSoiS,ORDIND,PARITV,MULT,S!NsQ,RTW, 
1 CAMPI.(M) ,Mm1 ,NAMPL) 
F=At1PL (1) 
r.O TO 43 
30 WRITEC1,1002lAA,ALPHA,RB,BETA,CC,GAMMA 
1002 F0RMAT(////17H CELL DIMENSIONSr•17X3HA =•F7.3•14X7HALPHA ••F7·2133 
1X4H B ~.F7.3.15X6HRETA ~.F7.2/33X4H C ••F7.3,14X7HGAMMA .,F7.2) 
COSA=COS(ALPHA•PI) 
COSB:COS(BeTA•PI) 
COSG:COSCGAMMA•PI) 
c • * • • • • • • • * • * * * • • * * * * • • • * * • * • • • • * * C READ RAN~F.S OF SIN(THETAliLAMDA 
c * * * • * * * * * * • * * * • * • • * • • * • • * • • • • • • * • 
READC2,1003)T 
1003 FORMATC13F6.3) 
WRITEC1,10121NRANGE 
1012 FORMAT(////36H NUMBER OF SIN<THETA)/LAMOA RANGes •,13) 
24 v=AA*BB*CC*SQRT(1,0+2,0•r.OSA•COSB*COSG•cosA••2·coSe••2•COSG**2) 
SINA=SQRTC1;0•COSA*•2) 
SINB=5QRTC1.0•COSBh2) 
SING=SQRTC1.0•COSG*•2) 
1060 
1070 
101!0 
1090 
1100 
111 0 
1120 
1130 
1140 
1150 
1160 
1170 
111!0 
119 0 
1200 
1210 
1220 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
131 0 
1320 
1330 
1340 
1350 
1360 
1370 
131!0 
1390 
1400 £ 
c 
c 
c 
c 
c 
c 
c 
3 
50 
4 
5 
1026 
7 
43 
AST=CBBwCCwS!NA)/V 
BST=CCCwAAwS!NBl/V 
CST=CAAwBBwS!NGl/V 
CAS:CCOSAwCOsr.-COSA)/(SINB•SING) 
CBS=CCOsr.wCOsA•COSB)/(SINGwSINA) 
CGS=<COSA•COSB•COSG)/(SlNA•S!NB) 
• * * • • * * * * * * * * • * • * * * • • • • • • * * * * • * * • SET SUMS TO 7.ERO 
* * * • • * * • • * * • * * • * * * * * * • * • • * • • • • • * • 
DO 50 ICL:1,12 
D03JC1.=1,4 
!(JCL.!CL>aO 
SUM(JCL.ICL>=O.O 
WSUMCJCL,ICL>=O.O 
AV<ICL):O.O 
I~R<!CU:O.O 
1F<IN>S.:'l3,5 
IF(IN)5,42,5 
• • • * • • • * • * * * • * • • * * • * • * * • • * • • * • • • • 
READ REFLEXION DATA FROM CARDS 
(ACCEPTs HX02 PLANEs CARDS WITH F PIJNCHED IN PIELD 1> 
* • • * * • * * • * * • * * * * • • • • • * • • • * • • • • • • • 
READC2,1026l!H,IK,IL,NOBSrF 
FORMAT(7X,3(!3,1X),J1,7X,FR.2l 
IFCIH.EQ.99) GO TO 100 
FSQ=F•F 
HH=IH 
HK=IK 
H L= I L 
~=0.25•cHH*HH*AST*AST+HK•HK*RST*RST+HL*HL*CST*CST•2·0*HK•HL•BST• 
1CST•CAS+?..O•~L•HH•CST*AST*CBs+2.0•HH•HK•AST•BST•CGS) 
s=SQRT(S) 
JF(ILJST.F.Q.I)) GO TO 2~ 
CALL COPVC1.!ND,1,1H ,1) 
IF(NOBS.F.Q.1l CALL C0PV(1,JNo.1,1HN,1) 
141 0 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1 510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
LINE=LINF-+1 
IF(LINF..LF..54) GO TO 25 
LINE=O 
IJRITE(1.1021l 
1021 F0RMAT(1H1,5X1HHo5X1HKo5X1HL,5X4HOBs/,6X17HF**2 SIN<THETA)//1H , 
121X7HNON•ORS,14X5HLAMDA/l 
25 WRITF<1.1022)IH,IK,IL,INO,FSQ,S 
1022 FORMAT(1H ,3J6,6X,A1,F13.2,f10,5) 
23 NUMBERaNUMBER+1 
9 IF<IHl10.14,10 
10 IF(lKl11 ,16,11 
11 IF(ll)12o21,12 
12 N=1 
CALL FINDSR(S,ISR) 
IF<ISR)13,4,13 
13 CALL COUNT(I.ISRoNrSUM,fSQ,f,WSUM) 
GO TO 4 
14 IF<IKl15,4,15 
15 IF<IU17,4,17 
16 IF(IU19,4,19 
17 N=2 
CALL FINDSR(S,ISR) 
!F(lSRl18,4,18 
18 CALL COUNT(I,ISR,NoSUM,FSQ,f,WSUM) 
GO TO 4 
19 N=3 
CALL FINDSR(S,ISR) 
IF<ISRl20,4,20 
20 CALL COUNT<I·ISRoNoSUMoFSQ,f,WSUM) 
GO TO 4 
21 N=4 
CALL FINDSR(S,ISR) 
IF(lSRl22,4,;!2 
22 CALL COUNT<I·ISRoNoSUMoFSQ,f,WSUM) 
GO TO 4 
1760 
1770 
1780 
1?90 
1800 
181 0 
1820 
1830 
1840 
1850 
1860 
1870 
1880 
1890 
1900 
1910 
1920 
1930 
1940 
1950 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 
100 WRITE<1·1023lNUMBER 
1023 FORMAT(////33H NUMBER OF REFLEXIONS PROCESSED •,!Sl 
tF(IN)10?.,101,102 
101 REWIND TAPIN 
102 JJ(1):J1 
JJ<2>=J2 
JJ (3) =.13 
JJ(4)=J4 
DO 566 N=1 ,4 
WRITE(1,600)!TVPE(~) 
600 FORMATC1H1.47X,12HANALVS!S OF oA3,11H REFLEXIONS/1H r41X,26H****** 
1••*****************•//////67H RANGEs OF SIN(THETAl/LAMDA MEAN 
2 F**2 NUMBER OF REFLEX!ONS/) 
DO 201 K=1,NRANGE 
IF (I ( N, K)) 11 0,150,110 
11 0 A V ( K) = S If M Ul , K) I I ( N , K) 
WAV:WSIHHNriO/I (NrKl 
WR(K)=WAV••2/AVCK) 
GO TO 156 
150 AV(Kl=ll.O 
WR(Kl=O.O 
156 K1 =K+1 
WRITE ( 1 , 6 01 ) K , T ( K ) • T ( K 1 ) , AV ( K ) r I ( N' K) 
601 ~ORNATC1H r2Xrl2o7X.F5-3·6H TO rFS.3•5XrF8·1o13Xd5) 
DO 201 J=1 ,10 
l SUfHK ,J) =0 
201 CONTINIJF. 
t.=JJ (N\ 
HRITEC1,607)t. 
607 FORMATC1HOr4RXr5HT0TALri51 
IF(L.EQ.O) GO TO 566 
DO 2 0 0 J = 1 , L 
GO TO (151r152,153-154lrN 
151 FSQ:HKt.<J) 
!SR=IRANGF.(J) 
211 0 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 
2350 
2360 
2370 
2380 
2390 
2400 
2410 
2420 
2430 
2440 
2450 ~ 
0 
GO TO 155 
152 FSQ=OKL(J) 
1 SRcJ RANGF. (J l 
GO TO 155 
153 FsQcHOL(J) 
!SR=KRANGF.(Jl 
GO TO 155 
154 FSQ:HKO(J) 
!SR=LRANGF.(Jl 
155 DO 200 K=1 ,10 
AJ=FLOAT(K)/10.0 
A=AVCI~R)•AJ 
JF(FSQ•A)120,120,200 
120 !SUM(ISR,K):TSUM(!SR,K)+1 
200 CONTINUF. 
HRITE(1 ,60?.l 
602 FORMAT(/1///~0H VALU~S OF N(Z) IN PERCENTAGES///1H .8X111HTHEORE!TI 
1CAL16X,AHwEIGHrEDI43X,6HRAHGF.S/3H z~8x~1Hr,6X,1H1,9X14HMEAN19X1H1 
2.6X1H2.6X1H3·6X1H4•6X1H5·6X1H616X1H7·6X1H8.6X1H9.5X2H1015X2H11 I 
35X2H12///4H 0.0.6X3HO.OI4X3Ho.o~9X3HO.Ol 
D0299J=1,10 
II=O 
AVNZ:O.O 
DO 300 K=1,NRANGF. 
IF (I CN, K) l 205,560,205 
560 NZ(Kl:O.O 
GO TO 300 
205 NZ(K)c(FLOAT~ISUM(K,Jl•100)/FLOAT(I(NIK))) 
300 AVNZ=AVNZ+(NZ(Kl•FLOAT(J(N,Kl)) 
AVNZ=AVNZ/FLOAT(L) 
z=FLOAT(Jl/10.0 . 
?.99 w R IT E ( 1 • 6 () 3) 7. , 7. c ( J ) • z N c Cl ) , A VN z I ( N z ( K) I I(= 1 , N RANGE!) 
603 F0Rf4AT(1HO,F3.1.F9.1,F7.1 ,F12.1 ,4X112F'/'.1) 
AVWR=O.O 
DO 565 K=1.NRANGE 
2460 
24'1'0 
2480 
2490 
2500 
2510 
2520 
2530 
2540 
2550 
2560 
2570 
2580 
2590 
2600 
2610 
2620 
2630 
2640 
2650 
2660 
2670 
26110 
2690 
2700 
2710 
2720 
2'1'30 
2740 
2'1'50 
H~S 
2'1'80 
2790 
2800 
565 AVWR:AVWR+WR(K)*FLDAT(!(N,K)) 
AVWR=AVWR/FLOATCLI 
WRITE(1,605)AVWR, (l1RIK) oK=1 oNRANGE) 
605 FORMATC/7HOWILSON/20H RATIO 0.64 0.79,8X,F4.2o4Xo12F7.2> 
566 CONTI NU F. 
CALL IT!f1E(IT2) 
!T2=IT2•1T1 
WRITF<1,tl06) IT2 
606 FORHATC/17HOEXECUTION TIME =,I5o33H SECONDS. CALCULATION COMPLET 
1F..///) 
sTOP OK 
END 
SUBROUTtNF. FINDSRCS,tSRI 
c ~ * * • • * • • • * * • * * • • • • • * • • • • • • • • • • • • • 
DIMENSION TC13) 
COMMON /RFINDSR/ ToNRANGF. 
no 20 J=1, NRANGE 
IFITCJI·S>10.1,2 
10 TF(T(J+1)-S)~Q,3,1 
20 CONTINUE 
1 r s R=J 
RETURN 
2 !SR=O 
RETURN 
3 lSR=J+1 
RETURN 
END 
sUBROUTINE COIINT<I•ISRoNoSU~1.FSQ,FrWSUt~l 
c * • • * • * • • * * • • * • • * * • * • • • • * • • • • * • • • • 
DIMENSION 1(4o12)oSUM(4t12),WSUMC4•12)oHKL(3000loiRANGEC3000) 
DIMENSION DKI_(400),JRANGF.C400),HOLC400),KRANGEC400) 
DIMENSION HKOC400ioLRANGF.C400) 
COMMON /RCOUNT/ HKL.IRANGEoOKLoJRANGE,HOL,KRANGEoHKO,LRANGE, 
1.J1 ,J2,J3,J4 
!CNo!SRI=ICN.ISR)+1 
2810 
2820 
2830 
2840 
2850 
2860 
2870 
2880 
2890 
2900 
2910 
2920 
2930 
2940 
2950 
2960 
29'70 
2980 
2990 
3000 
3010 
3020 
3030 
3040 
3050 
3060 
30'70 
3080 
3090 
3100 
3110 
3120 
3130 
3140 
3150 
s Uf~ ( N , I S R) "S IJM ( N , I S R) + F S Q 
WSUM(N •ISR) ::t.JSUM(N, ISR)+F 
GO T0(1,2,3,4),N 
1 J1=J1+1 
HKL<J1 l=FSQ 
IRANGE(J1 >=BR 
RETURN 
2 J2=J2+1 
0KL<.12)=FSQ 
JRANGE(J2)11!SR 
RETURN 
3 J3=J3+1 
HOL(J3l::FSQ 
KRANGE(J3>=1sR 
RETURN 
4 J4=J4+1 
HK0(J4) :oFSQ 
LRANGE(J4).,1SR. 
RETURN 
END 
FINISH 
3160 
3170 
3180 
3190 
3200 
3210 
3220 
3230 
3240 
3250 
3260 
3270 
3280 
3290 
3300 
3310 
3320 
3330 
3340 
3350 
3360 

APPENDIX III 
WEIGHriNG SCHEMES IN lEAST SQUARES STRUCTURE 
REFINEMENT' CHOICE OF SUITABlE CONSTANTS BY 
GRAPHICAL AND COMPUTER METHODS 
In least squares methods of crystal structure refinement 
the aim is to minimise the function ~ hkl w( I!Fo j-jFc I 1) 2 · 
The summation is over the set of crystallographically independent 
reflexions included in the calculation, and w is a weight 
factor applied to each individual term, i.e. the difference 
between observed and calculated structure amplitudes squared. 
In practice unit weights are used in the early stages of refine-
ment, that is w = 1 for each reflexion, and this usually leads 
to convergence with the reliability index R in the range 15-20% 
on three-dimensional data. The reliability index R, expressed 
as a percentage, is defined as 
R = ~J jFoj - jFcd x 
L~ol 
1 OO% 
where the summation is over all reflexions included in the 
calculation. Note that no weight factor appears in this equation. 
Further refinement is achieved by allowing the weight factor 
to be dependent in some way on the accuracy of the structure 
factors. In general, very weak and very strong reflexions suffer 
from the worst errors. Weak reflexions are very little stronger 
than the local background intensity, and th~refore are measured 
with the least accuracy. Very strong reflexions usually have 
small values of Miller indices h, k and 1, and hence low values 
of sin 6, and these are most likely to suffer from absorption 
and extinction effects. In the early stages of structure refine-
ment the very strong reflexions are the most important since 
these give rise to the largest differences between observed and 
calculated amplitudes, and hence contribute most towards shifts 
in the atomic parameters and the molecule as a whole. As 
refinement progresses the weaker, higher-order reflexions 
become increasingly important in producing smaller shifts. 
If, however, large discrepancies remain between observed and 
calculated structure amplitudes of intense reflexions (because 
of absorption or extinction effects), then the least squares 
matrix will be dominated by these large differences and con-
vergence will occur prematurely unless steps are taken to 
downweight these terms. The least squares procedure minimises 
a function involving differences squared so, if unit weights 
are employed, a difference of 20 between IFol and !Fcl 
contributes 202= 400 to the summation, whereas a difference 
2 
of 2 contributes only 2 = 4. The choice of a suitable weight-
ing scheme is therefore imperative if refinement of a structure 
is to continue to its fullest extent. 
There are two basic ways in which weights may be chosen: 
(a) If the estimated standard deviation of an observed 
structure amplitude is Ci, then it can be shown that the 
value of w which gives the lowest standard deviations in 
the refined parameters is 
( 1 ) 
This method is often used when intensities have been 
measured on a diffractometer since the standard deviation 
of each 9bserved amplitude can be estimated very easily 
from the counting statistics. However, the use of weights 
based on these values gives rise to artificially low 
standard deviations because it allows only for random 
errors due to the counting statistics and ignores all 
other errors. For example, a strong reflexion wil~show very 
good counting statistics and hence a high weight will be 
applied to it, even though the I Fo I value might be very 
inaccurate because of absorption or extinction effects. 
(b) The alternative approach is to calculate w for each reflexion 
as some function of I Fo I , or e, 
w = f( I Fol ) or w = f(e) 
where the nature of the function and the constants in the 
(2) 
equation are chosen from a detailed examination of the agreement 
between the and values for the trial structure. 
Since reflexions with low values of e tend to have large values 
of I Fo I , and reflexions with high values of e tend to have 
small values of / Fo I , these two methods are very similar, 
and only the method based on I Fo I is considered here. By 
analogy to equation (1), the lowest standard deviations in the 
refined parameters 
where 1::. = 11 Fo I 
is obtained when w = 1/!::.2 for each reflexion, 
w as a function of 
I Fe I I· This is equivalent to calculating 
I Fol , ~1here the function involves as many 
constants as there are reflexions. Under these conditions least 
squares refinement would not be valid. To render the method 
workable, an equation having very few constants is used. The 
reflexions are divided into different ranges of (e.g. 0-3, 
3-6, 6-10 etc.), and the values of the constants are chosen such 
that the weight given to a reflexion in the middle of a range is 
2 
as close as possible to 1/1::. , 
n n 
for the n reflexions in the range. (In practice, weights 
are usually chosen on a scale of 0 to 1 so the average 
. (3) 
differences squared ~2 for each range have to be 
normalised by dividing them into the minimum average 
difference squared ~1.) Weights obtained in this way m n 
allow for all experimental errors, both random arising 
from measurement errors, and systematic because of 
absorption and extinction effects. Consequently the 
standard deviations in the parameters obtained in this 
way are much more realistic than those obtained by the 
first method. 
The two most commonly used weighting schemes are those 
due to Hughes (1941) and Cruickshank (1965). In the Hughes 
type of scheme 
2 
w = 1 if jFoj~ A; w =6~0 l) if jFoj> A (4) 
This assigns unit weigh~to weak reflexions but downweights 
reflexions larger than A. Hughes originally used a value of 
A = 4F i where F i is the minimum observed structure ampli-
m n m n 
tude, but A may be any suitable value. However, the shape of 
the curve of w against jFoj is severely restricted because 
there is only one constant. On the other hand, the Cruickshank 
type of equation 
w = (5) 
A + B jFoj + C jFol 2 
allows much more flexibility in the shape of the curve. Cruick-
shank found that satisfactory results were often obtained with 
the values of the constants A~2F i, B~1, C~/F where F. 
m n max m1n 
and F are the minimum and maximum observed structure 
max 
amplitudes respectively. The more fundamental approach of 
choosing the constants from a detailed examination of 
the agreement analysis between jFoJ and JFcj is to be 
preferred. 
A graphical method is considered first. For each 
range of jFoj in the agreement analysis the average 
difference squared is determined using equation (3). The 
values of /::,.2 usually increase with the magnitude of IFo J 
These are then normalised on to a scale of 0 to 1 as 
described previously, and a graph is plotted of ( .6 
2 
mir/ .6 2) 
against F, where F is the mid-point in each range of IFo J. 
Typically, in the early stages of structure refinement the 
resulting points are somewhat scattered, but as refinement 
progresses the curve usually becomes smoother. If not, 
slightly larger ranges of JFoJ may be chosen for the agree-
ment analysis so that there are sufficient reflexions in 
most groups for statistics to apply. Usually there are 
groups at high values of jFoJ containing very few reflexions, 
and these give rise to scattered points whatever ranges are 
chosen. These points should be ignored. A smooth curve is 
drawn through the remaining points, and constants for the 
Cruickshank type of equation (5) which produce a similar 
curve are chosen by trial and error. First the constant B 
is chosen (usually close to 1.0 as this allows reasonable 
flexibility in the shape of the curve). Then different values 
of A and C are tried until a reasonable fit is obtained at 
both small JFoJ values, where the effect of A is most 
significant, and at large JFoj values, where the effect of 
C is most significant. This approach is very tedious, and the 
values decided upon for A, B and C are not necessarily 
the best ones. The curve fitting procedure could with 
advantage be placed on a more mathematical basis, with a 
view to computerisation of the method. Two similar 
approaches are described below. 
The first approach is to apply the method of least 
squares curve fitting. Considering the Cruickshank type 
of equation (5), values of A, B and C should be chosen 
such that a plot of w against jFoj will produce the best 
fit to the curve of (6 2mi~ 6 2 ) against F. Inverting both 
sides of (5) gives 
(b) = A + B I Fo I + C I Fo I 2 
2 
which is an equation of the type y = a + bx + ex 
----
(6) 
If the 
2 2 -
values of ( 6 I 6 i ) and F are computed, it is possible 
m n 
to solve for A, B and C by the method of least squares. 
The following refinements may be applied: 
( i) F may be computed as (l: I Fo I In) for each group, 
rather than as the mid-point of the range, to allow 
for the distribution of the observed structure ampli-
tudes within each group. 
(ii) The points on the curve may be weighted according to 
the number of reflexions in each group. This minimises 
the effect of points based on only a few reflexions, 
which are less reliable. 
This procedure gives good fits to the experimental curves but 
tends to produce undesirably high weights for very weak 
reflexions which are subject to a large· experimental error, . 
2 2 particularly if the maximum value of ( 6 i I 6 ) does not 
m rr 
2.C.,O 
correspond to the first range of !Foj (see Fig.1). 
FIG.1 
--
[>2 
m in 
or w 
oj_----------------------====~==~======~=====~ 
0 g -
F or jFol 
The second approach is to modify the Cruickshank type 
of equation (5) so that w = 1 at some specified value of 
--I Fo I, chosen by inspection of the curve of (C. 2 i /C. 2 ) againsc 
m n 
F. If this value is F1, then from (6) 
1 = A + BF1 + CF1 
2 
or A = 1 - BF1 - CF 
2 
1 (7) 
--
If ( 1/w) (which is equivalent to (62/62 )) m in is called W then 
substituting (7) into (6) gives 
W = ( 1 - BF 1 - CF /) + B I Fo I + C I Fo I 2 
(W- 1) = B( ~~~~- F1) + C( IFol 2 - F12 ) 
= B( IFoj - F1) + C( IFo I+ F1)( IFol - F1). 
Dividing both sides by ( IFol- F1) gives 
( 
w - 1 )- B + c( I Fo I + F1) IFol- F
1 
-
or W1 ~ B + CF 1 
""""' w' Q;,,_'F,): [(~~~~:)" '] 
(8) 
(9) 
and F' ~ I Fo I + F1 E: F + F1 ( 10) 
Equation (8) represents a straight line of slope C and 
intercept B. Thus the 'best straight line' through a 
given set of N points (W~, F~), i~1 ,N, is that for 
which the sum of the squares of the deviations 
( 11 ) 
is a minimum. This is the principle of least squares. 
Wi' and Fi' are constants in this equation since these are 
purely numbers determined from the results of the agree-
ment analysis. The quantity f is a function of the 
'variables 1 B and C. Since the first derivatives of ( 11) 
are both equal to 0, it is possible to solve for B and C. 
Differentiating ( 11) with respect to B gives 
~ t{2(W 1 - B- CF 1 )(-1)~ 0 i~1 i i - J 
N 
{ - w1 ' + B + CF 1 } l: ~ 0 
i~1 
N N 
BN +Cl F' l: W' 0 ( 12) 
1~1 i 1~1 i 
Similarly, differentiating {.11) with respect to C gives 
of ~ { r 2(W 1 - B- CF 1 )(-F) ~ 0 
"?)C 1~1 L i i . i 1 
f.. f- F 'w 1 + BF ' + c(Fi' )21 ~ o i~1l i i i J 
pi 
i 
N 
-[ 
i~1 
F 1W 1 ~ o i i ( 13) 
Solution of the simultaneous equations (12) and (13) 
for B and C is now an easy matter and A may be deter-
mined from (7)" It is possible to weight the points 
(Wi' ,Pi') according to the number of reflexions ni they 
represent simply by computing 
N N N 
L{F. •n.1, i:{cF.' )2ni), L r wi•n) 
i=1 1 Jj i=1 ~ g i=~ iJ 
N 
and rfFi'W. 'n~ 
i=;\. l 1 
instead of 
N N 
l:: (F i' )2, L 
i=1 i=1 
W.' 
l 
and 
N 
~ F 'w' i i i=1 
This procedure has given very reliable constants for 
the Cruickshank type of weight equation. Usually the 
value of B is negative, and this gives rise to a maximum 
in the curve of w against I Foj close to F1 (see Fig.2). 
!::..2 
m in 
!::..2 
or w 
I 
0 F. 
;l..b3 
The maximum value of w is slightly greater 
than 1. O, and the fit of this curve at low values of 
I·Fo I is much better than that shown in Fig. 1, where very 
weak reflexions might be given a weight of 1.5 or more. 
The value of F1 is important in obtaining a good fit, and 
-- --2 2 
should be chosen after inspection of the curve of ( t, i It, ) 
m n 
against F for a particular case. 
A computer program to derive constants for the 
Cruickshank equation by the method described above has been 
written in Fortran IV for a 32 K ICL 1905 computer. The 
program reads in F1 and the number of zones of. IFol , and 
for each zone L IFo I, '5:j!Foi-1Fcll 2 and the number of 
reflexions in the zone. These values are obtained as the 
results of an agreement analysis. Since the most suitable 
value of F1 may not be known, up to 7 different calculations 
may be performed in a single run, each using a different 
value of F1• For each calculation there is the option of 
either weighting each point according to the number of 
reflexions it represents, or weighting each point equally. 
The line printer output shows the constants A, B and C, the 
2 2 -points on the curve (t,mi~t, ) against F, and values of w 
against I Fol resulting.from the predicted constants. This 
enables a rapid graphical comparison of the two curves. 
----
Values of ( ( t, 2 It, !in) - iJ;f - F,) against (F + F 1 ) and 
points on the straight line [« 11w)- jVQFoj - FjJ against 
( IFol + F1) are printed. In cases of difficulty these 
should be plotted to confirm that a reasonable straight line 
has been obtained. 
Operating Instructions 
All data are introduced from cards. 
TITlE CARD Format(10A8) 
Cols 1 - So Any legal punching. To be used 
as a heading on the line printer 
output. 
CONTROL CARD Format(I1,I3,6X,7(I2,F8.3) 
Col 1 X NC = number of different calculations 
(up to 7) 
Cols 3-4 XX N3 =number of zones of jFoj (up to 30) 
- "' 
Col 12 ~+-' X IW( 1) blank = weight each point according to o "' 
or-! H S:: 
.P •M 0 
ro Cr.~ ·r-1 
C) +-' 
.,-; Q) ctl 
'H..C:rl 
.,-;+-';3 
tJ C) 
QJ~rl 
0. 0 ctl 
"' 'H C) 
the number of reflexions in the zone 
1 = assign equal weight to each point 
Cols 14-20 XXX.XXX Fl ( 1 ) = Value of IFol at which w = 1 
~· Col 22 X IW(2) blank or 1/above 
Cols 24-30 XXX.XXX F1(2) = Value of IFol at which w = 1 ] 
etc. up to 
Col 72 X IW(7) blank or 1 as above 
Cols 74-So XXX.XXX F1(7) =Value of IFoj at which w 
Note If NC is less than"7 the later Columns are ignored. 
DATA CARDS Format (2(F9.4,1X),I3) 
N3 cards (one for each zone of IFoj), containing: 
Cols 1-9 XXXX.XXXX ~IFol 
11-19 XXXX.XXXX EIIFoj-IFcll 2 
21-23 XXX Number of reflexions 
A listing of the computer program is given on the following pages. 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
L1 ST 
pROGRAM (HX15l 
PROGRAM TO DF.RIVE CONSTANTS ~OR THE CRUICKSHANK W!IGHT E~UATION 
UNIVERSTTV OF LOUGHROROUr.H 
INPUT 1 a CRO 
OUTPUT 2 a tPO 
COMPRESS INTF.GER AND LOGICAL 
TRACE 0 
END 
MASTER WEIGAr CONsT~NTS 
. DIMENSION TITLF.(10l ,IW(?l ,J1 C7) ,SUMF0(30l .IIMDELS(3Ql ,NIILNS(30l 
DIMENSION Wc30),F(30),NPL(30),,PL0T(33) 
READ IN ALL DATA 
READ (1 ,1 l Tl Tl_E 
1 FORMATC10AII) 
RE AD ( 1 • 2) N C • N?. , ( I W (J ) I, 1 U) • J a 1 , N C) 
2 FORMAT(I1,1]',6X,?CI2,FII.3)) 
READ<1.~l (SIJMPO(I),SMDELS(I),NPLNS<rl•I•1,NZ) 
3 FORMAT((2CP~•-4.1Xl .13)) 
·cALCULATE AVF.RAGE DELTA SQUARED'S AND JIND MINIMUM VALUE 
D041a1,NZ 
4 SMDELSCilaSMDELS(I)/NPLNS(!) 
SM"SMDEI:S C1 l 
DO 5 la2,NZ 
IF (SMDEI:s C I l. LT. SM) SMaSMDEL!I (I) 
5 CONTINIJF. 
CALCULATE A~ERAGE FO AND NORMALISED AVERAGE DELTA SQUARED 
FOR FACH 20NE 
!l 
1 0 
15 
20 
25 
30 
'115 
40 
45 
50 
55 
60 
6!1 
'70 
'7!1 
RO 
11!1 
90 
95 
100 
10!1 
11 0 
11 !l 
120 
125 
130 
1"15 
140 
14!1 
150 
15!1 
160 
11i!l 
1'70 
1?!1 
00 6 1•1 rNZ 
FPLOTCI•3l~SUMFOCI)/NPLNS(I) 
6 SMDELSCi>=S~/SMDELSC!) 
c 
C START LOOP TO DO NC CALCULATIONS 
c 
c 
oo 16 J:s1,NO 
WRITE C2 .?lTITLF. 
7 FORMATC60H1riERtVATION OF CONSTANTS pOR THE CRUrC~8HAN~ WF.IGHT F.CUA 
1TI0N/1H0,10~8///81HOMEAN FO NORMALISED MEAN . P•F1 f( 
21/D)-1]/ NUMBER OF WEIGHT/28H (F) DELTA SCUARED (D) 
3,19X,6HCF•F1l,10X,6HPLANF.S/l 
FPLOTC1):sO. 
FPLOTC2l•F1 (J) 
D081•1rNZ 
W(I):((1~/S~DELS(!)l•1.)/(PPLOTCI•3>•F1(J)) 
F(I)=FPL0T(l+~l•F1(J) 
NPLO>=NPI.NS(I) 
rFCIWIJl.NE.Ol NPL(t)"1 
8 WRITE(2,9lF~LOTCI•3lrSMDF.LSCTlrFCI),W(IlrNPLNSti),NPL(I) 
9 FORMATc1H .~6.2•10XrF6•4r9XrF6·2r5XrF10.4r10Xt14r9Xrl4) 
C LEAST SQUARE~ REGRESSION LINF 
c 
C <1) ACCuMULATE SUMS 
o=O,O 
SF1=0. 0 
SF2=0.0 
sw1=o.o 
sw2=o.o 
DO 10 r .. 1.NZ 
z=NPLC Il · 
o~o+z 
SF1=SF1•F<I)•z 
sF2=sF2•CFCI>••2l•Z 
1110 
1115 
190 
19~ 
200 
2tU 
210 
21 5 
220 
2~! 
2,0 
2,! 
240 
245 
250 
;;I §!I 
260 
1'6! 
2?0 
;:1?! 
2110 
2115 
290 
29! 
300 
30! 
310 
31! 
320 
3;:1!1 
330 
3~! 
~40 
345 
350 
c 
c 
c 
c 
c 
10 
11 
sW1,.SW1:.,UC!)•Z 
sW211SW2:.,FC!l•WCI)•Z 
C2l SOLVE FOR A B AND 
WRITEC2.:11)1i1 CJ) 
FORMAT(///61HOWEIGHTED 
1 AT F1 "' F?:3) 
z=1,/CSF2•Q·SF1•SF1) 
CII(SW2•Q•SW1•SF1)•Z 
B11 CSF2•SW1•SW2•SF1)•Z 
e 
LEAST 
Aa1,•B•F1 CJ)•C•F1 (J)•F1 (J) 
WRITEC2;12)~,B,C 
SQUARES ON OBSERVF.D POINTS WITH W • 1 
12 F0RMATC2?H0BF.ST FIT OBTAINED WITH A •,~11.~r8H 
1 8H r. '"'F11.5//) 
COMPUTE CUR~!S USING ABOVE CONSTANTS 
WRITE (2;·13) 
13 FORMATC41HOTHF.ORETICAL CURVES USING ABOVF CONSTANTS/5SHO FO 
1 W F+F1 [(1/W)•1l/,/1H r46Xr6HCF•F1)/) 
FPLOTC3)aCF1CJ)+FPLOT(4ll*0.5 
KDNZ+3 
DO 15 la1,K 
FF=FPLOT(!)+F1CJ) 
WPRIME•R+C*PF 
ww•1.1CA+R*EPLOT(!)+C*FPLOTC!)*FPL0TC!)l 
WRITEC2~14)FPLOT(!),WW,FF,WPRIME 
14 FORMATC~H .~6.2o10X.F6.4,9X,F6,2r5X,F10.4l 
15 CONT!NUF 
16 CONTINUF. 
WRITEC2;·1?) 
17 F0RMATC1H1) 
STOP 
END 
FINISH 
355 
360 
365 
3?0 
3?5 
3110 
3115 
390 
39 5 
400 
405 
410 
41 5 
420 
4~5 
430 
4'U 
440 
44!1 
450 
45!1 
460 
465 
4?0 
475 
4110 
4115 
490 
49!1 
500 
50!1 
510 
51S 
520 
5,5 
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